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•^component  (valve,  injector  and  chamber)  fabrication  and  development 
testing  for  the  demonstration  point  design.  Phase  III,  Demonstration, 
consisted  of  engine  fabrication  and  demonstration  of  the  point  design. 


While  a  100%  achievement  of  all  contract  goals  was  elusive  within 
the  resources  provided,  significant  advancements  in  small  engine  tech¬ 
nology  were  made  that  prove  the  feasibility  of  developing  a  0.5  lbF 
class  bi propellant  engine. 

Steady-state  durability  of  8  hours  of  firing  witi'§i||ttjA1lur^-has 
been  demonstrated,  along  with  a  small  impulse  bit  of  <0. 00b  f^\0005 
lbF  sec.  It  is  reasonable  to  predict  that  the  same  engine  triat  ran  8 
hours  steady-state  will.be  able  to  accomplish  the  10  hour  life  goal 
based  on  its  excellent  postfire  condition. 

The  pulsing  duty  cycle  limitations  encountered  early  in  the  10® 
pulse  durability  test  of  the  Phase  III  engine  may,  in  fact,  have  been 
artificially  created  by  the  selection  of  a  duty  cycle  that  is  much 
more  rigorous  than  would  be  required  in  actual  use.  Further  testing 
is  required  to  define  the  cause  of  hard  engine  starts  which  lead  to 
gradual  enlargement  of  the  oxidizer  orofice  of  this  engine. 

An  engine  performance  (Isp)  of  275  and  265  sec  has  been  demon¬ 
strated  in  Phase  II  and  III,  respectively,  of  the  program.  These 
are  lower  than  the  program  goal  of  280  sec.  Since  the  maximum  cham¬ 
ber  temperatures  were  500“F  less  than  allowable,  further  development 
could  improve  secondary  mixing  within  the  combustion  chamber  and 
raise  performance.  Improved  secondary  mixing  might  also  attenuate 
the  hard  pulsing  starts  which  could  be  caused  by  an  accumulation  of 
uncombusted  propellant  on  the  cold  chamber  wall. 

Valve  response,  repeatability,  life,  engine  minimum  impulse  bit 
requirements,  and  pulse  repeatability  were  demonstrated  on  all  con¬ 
figurations  hot-fire  tested. 

All  aspects  of  engine  fabrication,  i.e.,  platelets  valves,  cham¬ 
bers  and  metallurgical  columbium-stainless  steel  assembly  techniques, 
have  been  proven.  Reproducibility  of  injectors  and  valves  has  been 
satisfactorily  demonstrated  to  a  degree  commensurate  with  potential 
production  requirements  for  these  engines.  The  integration  of  the 
valve  and  injector,  with  the  resultant  low  dribble  volume  required 
for  the  minimum  plume  contamination,  has  also  been  demonstrated. 

The  selection  valve  and  injector  internal  filtration  system  has  been 
100%  successful  in  preventing  clogging,  flow  decay,  or  other  phenomena 
which  could  cause  thrust  reductions  or  mixture  ratio  shifts. 
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INTRODUCTION 


1.0  INTRODUCTION 


1.1  BACKGROUND 

Prior  to  1963,  few  spacecraft  missions  required  the  injection  of 
a  payload  into  orbit.  Furthermore,  there  was  little  need  or  room  for  an  on¬ 
board  propulsion  system  as  part  of  the  orbiting  package.  However,  as  mission 
goals  became  more  ambitious,  and  in  view  of  increased  payload  weights  during 
the  period  from  1963  to  1968,  the  necessity  of  developing  station-keeping 
systems  became  apparent.  Reaction  control  systems  employing  catalytic  decom¬ 
position  of  hydrogen  peroxide  and/or  cold  gas  jets  were  utilized,  but  the 
instability  of  the  hydrogen  peroxide  under  storage,  along  with  the  need  for 
pressure  relief  valves,  made  the  reliability  of  the  peroxide  systems  inher¬ 
ently  low.  Cold  gas  systems,  although  much  more  reliable,  provided  very  low 
performance. 


Monopropellant  reaction  control  systems  utilizing  hydrazine  were 
evaluated  for  station-keeping  missions  starting  in  1967.  By  1973,  such  sys¬ 
tems  had  performed  well  in  a  wide  range  of  applications  and  enjoyed  an  undis¬ 
puted  industry  acceptance. 

In  general ,  the  systems  of  the  70 ' s  employed  solid  kick  stages 
or  on-board  solid  motors  for  high-thrust  functions,  such  as  initial  orbit 
insertion.  Monopropellant  hydrazine  systems  of  various  thrust  level  com¬ 
binations  ranging  from  approximately  300  down  to  0.1  lbF  provided  for  the 
remaining  control  functions. 

In  contrast,  systems  of  the  80's,  designed  for  space  shuttle 
launch  and  low  orbit  deployment,  dictate  larger  payload  diameters  and  reduced 
overall  lengths.  The  net  effect  is  that  high-thrust  solid  motors  do  not 
package  as  efficiently  as  lower  thrust  (100  to  1000  lbF)  bipropellant  av  type 
engine  systems  vrfiich  deliver  the  required  high  total  impulse  via  multi-hour 
burns.  Furthermore,  integration  of  a  bipropellant  aV  and  RCS  propellant 
system  provides  further  weight  savings  and  propellant  utilization  advantages. 

In  addition,  current  and  future  demands  being  identified  for 
propulsion  in  military  space  applications  are  rapidly  approaching  the  limits 
of  monopropellant  hydrazine  propulsion.  Wide-ranging  propulsion  demands 
result  from  missions  requiring  orbit  insertion,  injection  error  correction, 
orbit  maintenance,  momentum  wheel  unloading,  orbit  adjust,  orbit  change,  etc. 
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1.1,  Background  (cont.) 


Mission  functions  have  become  more  ambitious  due  to  new  demands 
made  on  position  accuracy,  mission  duration,  on-station  maneuvering  capa¬ 
bility,  and  volume  constraints.  Under  these  circumstances,  the  capabilities 
of  monopropellant  hydrazine  systems  are  approached  or  exceeded,  while  the 
flexibility,  improved  performance,  and  lower  system  weight  of  fully  inte¬ 
grated  storable  bi propellant  systems  become  advantageous. 

Other  potential  advantages  of  a  bi propellant  RCS  compared  to 
monopropellant  units  include 

°  Longer  life  and  nearly  unlimited  thermal  cycling,  with 
performance  loss  and  attendant  monopropellant  catalyst 
bed  degradation  entirely  eliminated; 

°  Higher  pulse  mode  performance,  with  particular  performance 
advantages  obtained  during  cold  starts; 

°  More  predictable  response  and  lower  power  consumption, 
resulting  from  an  ability  to  operate  without  catalyst 
bed  heaters; 

°  Lower  propellant  freezing  temperatures;  and 

°  Improved  handling  and  reliability,  resulting  from  the 
ability  to  clean  and  flush  a  fully  integrated  spacecraft 
control  system  after  ground  checkout  without  fear  of 
catalyst  bed  contamination  or  damage. 

Storable  bi propellant  propulsion  systems  have  been  used  exten¬ 
sively  for  more  than  20  years  in  high-thrust  applications.  However,  the 
technology  required  for  highly  reliable,  long-life,  high-performance  pulsing 
engines  in  the  0.5  to  100  lb  thrust  range  has  been  put  into  place  only 
recently. 


The  development  and  demonstration  of  the  required  technology  for 
low-thrust  bipropellant  engines  was  initiated  by  ALRC  in  1973  under  AFRPL 
Contract  F04611-73-C-0061.  This  initial  work  produced  a  high-performance, 
clean-burning  5  lb  thrust  class  engine,  capable  of  both  pulse  mode  and 
steady-state  operation. 
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1.1,  Background  (cont.) 


The  award  of  Contract  F04611-77-C-0053  to  ALRC  in  1977  provided 
for  the  extension  of  the  storable  bi propel! ant  technology  to  engines  in  the 
0.5  lb  thrust  classification.  A  successful  demonstration  of  this  device 
would  complete  the  engine  technology  required  for  a  fully  integrated  bi pro¬ 
pellant  satellite  propulsion  system.  The  general  design  goals  for  this  pro¬ 
gram  are  defined  in  Table  1-1. 

The  key  technical  challenges  of  this  program  resulted  from  the 
relatively  minute  sizing  of  the  hardware  (in  particular,  the  injector  mani¬ 
folding  and  elements)  and  the  multiplicity  of  requirements  as  displayed  in 
Table  1-1.  Secondarily,  the  complexity  of  test  measurements  of  pulsed  flow 
and  impulse  bit  for  the  very  low  level  parameters  of  an  engine  of  this  size 
presented  new  challenges. 

Those  areas  which  have  historically  proved  troublesome  to  small 
engines  were  addressed  in  the  new  technology  work  accomplished  on  this  pro¬ 
gram.  They  included: 

°  Poor  combustion  efficiency  and  performance  due  to  very  low 
propellant  flowrates  and  a  limited  number  of  injection 
elements; 

°  Failure  to  achieve  uniform  and  axisymmetric  propellant 
combustion  free  from  wall-damaging  hot  streaks; 

°  Inadequate  nozzle  cooling  and  unacceptable  coast  period  heat 
soaks  over  a  wide  range  of  duty  cycles; 

°  A  relatively  high  volume  of  residual  propellants  within  the 
injector,  degrading  performance,  aggravating  ignition  spike 
problems,  and  increasing  plume  contamination  levels;  and 

°  Exhaust  plume  contamination  resulting  from  ejection  of 
propellant  droplets  due  to  incomplete  combustion. 

°  Fabricabil ity  of  small  components;  i.e.,  injector  passages, 
orifices,  etc. 
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1.2  OBJECTIVE 

The  objective  of  this  program  was  to  develop  and  demonstrate  the 
technology  required  for  a  high-performance,  long-lived,  fast-response  0.5  lb 
thrust  class  bi propellant  engine  capability  for  future  Air  Force  require¬ 
ments.  The  propellants  to  be  employed  in  the  demonstration  were  nitrogen 
tetroxide  (N2O4)  and  monomethyl  hydrazine  (MMH).  The  ability  to  operate 
at  reduced  propellant  temperatures  with  MON  oxidizer  blends  was  to  be  deter¬ 
mined. 


Table  1-1  indicates  the  design  goals  established  for  this  pro¬ 
gram.  Most  noteworthy  are  the  two-hour  steady-state  burn,  280  sec  steady- 
state  specific  impulse,  impulse  bits  of  less  than  .005  lb-sec,  the  4:1  tank 
pressure  ratio  for  a  blowdown  system,  the  20  to  120°F  range  of  propellant 
supply  temperatures,  and  the  general  life  (750,000  pulses)  and  reliability 
requirements. 


1.3  TECHNICAL  EFFORT  ORGANIZATION 

The  program  structured  for  this  technology  development  and 
demonstration  consisted  of  three  phases:  Phase  I  -  Requirements  Definition 
and  Engine  Design  Analysis;  Phase  II  -  Design  and  Verification  Testing;  and 
Phase  III  -  Demonstration  Testing.  The  scope  of  each  phase  was  as  follows. 

Phase  I  conducted  studies  and  tradeoff  analyses  of  general 
mission/system  requirements  versus  engine  parameters.  Typical  representative 
mission  duty  cycles  were  identified  by  literature  search,  review  of  current 
speci fications,  and  consultation  with  spacecraft  manufacturers,  users,  and 
selected  government  agencies. 

Phase  II  developed  point  designs  against  the  selected  mission 
requirements  based  upon  the  relationships  established  in  Phase  I.  Design 
verification  hot-fire  testing,  using  the  N2O4/MMH  and  M0N-10/MMH  pro¬ 
pellant  combinations,  was  conducted  to  provide  supportive  data.  Three 
injector  designs  and  several  thermal  management  systems  were  evaluated.  The 
best  of  these  approaches  became  the  basis  for  the  design  of  demonstration 
test  engines  for  use  in  Phase  III. 

Phase  III  consisted  of  finalizing  the  selected  engine  designs 
and  the  fabrication  and  demonstration  hot-fire  testing  of  two  engines. 

Testing  was  accomplished  under  simulated  altitude  conditions  with  143:1 
geometric  area  ratio  nozzles. 
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1.4  REPORT  ORGANIZATION 


This  final  report  consists  of  three  parts.  The  first. 
Introduction,  provides  a  background  to  the  program,  along  with  a  description 
of  th ;  program's  objectives  and  structure.  This  is  followed  by  a  summation 
of  th?  program's  accomplishments  and  a  description  of  flight  engine  designs 
based  on  the  units  tested. 

The  second  part.  Experimental  Results  and  Discussions ,  is  a 
chronological  exposition  of  the  program's  three  phases. 

The  final  section,  Conclusiois  and  Recommendations,  summarizes 
the  technology  improvements  and  collorary  information  resulting  from  the 
review  of  the  program's  data.  The  recomme-tdat ions  describe  the  manner  in 
which  this  data  should  be  utilized:  either  to  further  develop  small  thruster 
technology  or  to  facilitate  the  application  of  the  technology  to  current 
and/or  anticipated  spacecraft  needs. 
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PROGRAM  ACCOMPLISHMENTS 


2.0  PROGRAM  ACCOMPLISHMENTS 

2.1  ENGINE  DESIGN  AND  OPERATING  CHARACTERISTICS 

The  engine  developed  during  this  program  is  shown  in  Figure  2-1. 
The  combined  requirements  of  long  duration  (>2  hours),  short  pulses  (10  ms) 
with  an  MIB  of  0.005  lb-sec,  and  relatively  high  performance  (280  sec  steady- 
state,  220  sec  pulsing)  have  not  yet  been  collectively  achieved,  but  should 
be  obtainable  with  further  development  activities.  Those  goals  that  were 
attained  are  indicated  in  Table  2-1. 

This  program  demonstrated  that  precisely  controlled  injector 
manifolds  and  orifices  can  be  fabricated  from  photo-etched  platelets.  The 
injectors  were  thin  and  had  the  valve  seats  etched  into  their  back  surface, 
providing  an  integrated  valve  and  injector  with  low  dribble  volume.  This,  in 
turn,  assures  pulse-to-pulse  repeatability  and  minimum  plume  contamination 
due  to  unburned,  post-pulse  residual  propellant.  The  entire  engine  assembly 
has  been  made  with  metallurgical  joints,  thereby  avoiding  hot  gas  seals. 

The  bi propellant  torque  motor  valve,  supplied  by  M00G,  Inc.,  has 
been  well  demonstrated  by  106  bench-test  cycles  and  a  multitude  of  hot-fire 
tests.  Opening  and  closing  times  at  all  conditions  (24-32  vdc  and  0-400  psia 
inlet)  have  been  faster  than  the  minimum  response  time  goals.  Repeatability 
has  also  been  demonstrated  for  bench-test  and  hot-fire  test  valves.  Response 
and  hydraulic  repeatability  has  been  demonstrated  on  the  two  Phase  III  valves 
tested. 


Engine  thermal  management  has  been  defined  by  thermocouple 
measurements  during  hot  test  firing.  Maximum  chamber  temperatures  were  less 
than  2100°F  with  an  insulated  chamber.  The  valve  and  injector  remained  under 
300°F  during  duration  tests  as  long  as  5  hours  in  Phase  III  testing,and  post¬ 
fire  heat  soak  was  acceptable.  Engine  pulse  repeatability  and  MIB  were  demon¬ 
strated  with  impulse  measurements  of  ^.0026  lbF-sec  (+  .0003  lbF-sec) 
obtained  during  a  .010  sec  EPW  burn.  ~ 

In  Phase  II,  engine  blowdown  capability  of  5:1  was  demonstrated 
with  stable  engine  operation  to  80  psia  inlet  pressure.  The  engine  proved  to 
be  relatively  insensitive  to  propellant  inlet  temperatures  or  high  (Mon  10) 

NO  content  in  the  oxidizer.  Unfortunately,  mi  nor  injector  design  changes, 
required  to  improve  the  head  end  thermal  margin  for  the  Phase  III  design. 
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2.1,  Engine  Design  and  Operating  Characteri sties  (cont.) 

reduced  the  engine  stability  and  blowdown  capabilities.  Recommended  changes 
in  the  chamber  contour  in  future  development  work  could  restore  the  blowdown 
capabilities  to  the  Phase  II  condition  and  also  improve  the  performance. 

2.2  IMPROVED  MEASUREMENT  CAPABILITIES  IN  PULSING 

Thrust  measurement  during  pulse  testing  required  an  improvement 
of  the  techniques  generally  in  use  with  higher  thrust  engine  programs.  A 
test  fixture  with  combined  steady-state  and  pulse  thrust  measurement, 
including  inplace  calibration  capabi 1 i ties ,  was  provided  by  ALRC.  The  force 
measurement  fixture  incorporated  3-point-mount,  high-response  load  cells 
mounted  on  a  critically  damped  seismic  mass  for  impulse  measurements.  This 
three-crystal  load  cell  measurement  system,  when  coupled  with  a  charge  ampli¬ 
fier,  provided  accurate  pulse/thrust  measurements  during  10  ms  FPWs.  The 
load  cell  is  capable  of  a  rise  time  of  < 6M  sec  to  full  scale  (5.5  lbF),  with 
a  resolution  capability  of  .0006  lbF.  The  steady-state  load  measuring  system 
utilized  a  standard-strain,  gage-type  flexure  load  cell  with  a  force  range  of 
1.0  lbF,  dampened  by  a  viscous  fluid  bed.  The  series-loaded  dynamic  and 
static  measuring  systems  were  simultaneously  calibrated  by  a  piston/  standard 
cell  system,  applying  the  calibrated  load  directly  to  the  engine  mount.  This 
Tnplace  calibration  therefore  accounted  for  flexure,  propellant  line,  and 
instrumentation  cabling  restraints.  The  accuracies  are  evidenced  by  the 
repeatabi 1 i ty  of  pulses,  discussed  elsewhere  in  this  report,  and  the  linear 
relationship  displayed  by  plotting  chamber  pressure  and  thrust. 

2.3  Durability  Testing  Results 

Steady-state,  long-duration  capability  has  been  demonstrated  in 
Phase  III.  Engine  1  was  tested  for  9000  sec  total,  of  which  5000  sec  was  in 
a  single  burn.  Engine  2  has  accumulated  30,000  sec,  of  which  18,000  sec  was 
a  single  burn.  No  steady-state  thermal  limitations  were  encountered. 

Engine  S/N  21 's  injector  failed  in  pulse  limits  testing  either 
due  to  repeated  hard  starts  or  backflow  of  fuel  into  the  oxidizer  manifold. 
Further  testing  is  required  to  isolate  the  exact  cause  of  the  failure. 
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3.0  FLIGHT  ENGINE  DESIGN 

This  section  describes  the  anticipated  characteristics  of  a  flight 
type  0.5  lb  thruster  based  upon  the  work  completed  under  this  contract. 
Weight,  envelope,  and  performance  data  are  provided  for  the  actual  designs 
tested,  along  with  estimates  of  improvements  which  should  be  attainable  with 
additional  devel opment  work. 

Figures  2-1  and  3-1  provide  a  photograph  of  the  flight  weight  engine 
configuration  and  the  engine  envelope  for  a  143:1  area  ratio  nozzle. 

Slightly  higher  performance  could  be  obtained  by  increasing  the  nozzle  length 
by  1  inch.  This  would  increase  the  area  ratio  to  approximately  200:1  and 
provide  a  1%  Isp  improvement  based  on  analysis. 

The  engine  weight  is  0.6  lb,  but  this  could  probably  be  reduced 
approximately  10%  by  removing  some  material  from  the  valve  body  and  chamber. 


Other  features  of  the  design  are  itemized  in  Table  3-1. 


■ea  Ra 


TABLE  3-1 


FLIGHT  DESIGN  CHARACTERISTICS 


Parameter 

Phase  III 

Fliqht  Potential 

Thrust  Min/Max  lbF 

.2/. 5 

.2/. 5 

Length,  in. 

4.09 

4.09 

Width,  in. 

2.66 

2.66 

Height,  in. 

3.14 

3.14 

Weight,  lb. 

.6 

£.54 

Valve  Voltage,  Volts 

24-32  (28  nom) 

24-32  (28  nom) 

Valve  Power,  Watts 

4.4 

4.4 

Performance  c  =  143:1 

Steady-State,  sec 

265 

>280 

Pulse,  sec 

Not  Evaluated 

Not  Evaluated 

Bum  Times 

Max  Single,  hours 

>5 

>10 

Min  Pulse,  sec 

.010 

.005 

Total  Life,  hours 

>8 

>10 

Impulse  bit  (min. )  lb-sec 

.004 

.002 

Propel lants 

Fuel 

MMH 

MMH 

Oxidizer 

N204,  MON  1-  to  MON -10 

n2o4,  MON-1  to  1 

Tank  Pressure 

Max,  psi 

400 

400 

Min,  psi 

150 

100 

Temperature 

Max,  °F 

120  M0N-1 , 

120  MON- 1 , 

100  MON- 10 

100  MON -10 

Min,  °F 

20  M0N-1 

20  MON-1 

0  MON -10 

0  MON -10 
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SECTION  4.0 


PHASE  I  -  ANALYSIS  AND  DESIGN 


4.0  PHASE  I  -  ANALYSIS  AND  DESIGN 
4.1  INDUSTRY  REQUIREMENTS 

Phase  I  began  with  an  industry-wide  survey  of  potential  users  of 
the  0.5  lb  thrust  class  bipropellant  (N2O4/MMH)  engine  programmed  for 
development.  A  questionnaire,  consisting  of  four  technical  categories  (mis¬ 
sion  aspects,  spacecraft  system,  propulsion  subsystem,  and  thruster  require¬ 
ments)  and  a  business  category,  was  submitted  to  ten  Aerospace  companies. 
Eighteen  users  representing  eight  companies  responded.  Appendix  A  provides  a 
copy  of  the  questionnaire  and  a  tabulation  of  the  technical  category  results. 

The  business  category  explored  the  key  issues  for  selection  of  a 
0.5  lb  class  engine  for  a  flight  system.  A  ranking  of  issues  (from  1  as  most 
to  10  as  least  important)  was  obtained.  An  index  of  total  points  divided  by 
total  response  was  developed  as  shown  in  Table  4-1.  Reliability  and  cost 
were  considered  most  important,  followed  by  performance  and  duty  cycle 
flexibility  which  were  allotted  nearly  equal  weight.  All  other  factors  were 
considered  secondary.  The  cost,  in  1978  dollars,  showed  the  apparent  value 
to  be  approximately  $20,000  per  engine. 

After  obtaining  the  survey  data,  the  multiplicity  of  require¬ 
ments  were  evaluated  and  compared  to  the  goals  defined  in  the  statement  of 
work,  Table  4-1 I.  These  were  generally  consistent,  except  for  the  following: 

0  Tank  Blowdown  4:1  with  a  maximum  tank  pres¬ 

sure  of  360  psia 

0  Temperature  Range  0  to  100°F  preferred  by  50%  of  users 

over  the  specified  20  to  120°F.  (Note 
M0N-1  oxidizer  freezes  at  11°F;  M0N-10 
is  required  for  0°F  operation). 

0  Minimum  Impulse  0.002  lbF-sec  desired  at  start 

Bit  of  mission  (i.e.,  .005  lbF-sec  not  small 

enough). 

0  Life  10  hour  total  may  not  be 

sufficient. 
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CONTRACT  GOAL  VS  SYSTEM  REQUIREMENTS 


4.0,  Phase  I  -  Analysis  and  Design  (cont.) 


4.2  SYSTEM-MISSION-ENGINE  INTERACTIONS  AND  OXIDIZER  BLEND  SELECTIONS 

This  task  considered  engine  operational  variations  resulting 
frail  the  interaction  of  pressurant  gases,  propellant  vapor  pressure,  and 
environmental  temperatures  of  tanks  and  propellant  feed  lines  for  a  locked-up 
system  operating  in  the  blowdown  mode.  Freezing  limits  for  various  MON 
blends  and  the  effect  of  supply  pressure  on  the  engine  mixture  ratio  were 
major  factors  of  concern. 

4.2.1  Oxidizer  Blends 

Inasmuch  as  MMH  has  a  freezing  point  of  -63°F,  compared 
to  1 1°F  for  N2O4,  the  use  of  NO  to  depress  the  N2O4  freezing  point 
v/ould  minimize  the  need  for  heaters  to  preclude  propellant  freezing  in 
orbiting  satellites. 

Consequently,  the  use  of  higher  MON  oxidizer  mixtures 
was  analyzed.  Nominal  N2O4  (MON-1)  is  ^1%  NO  by  weight.  It  was  deter¬ 
mined  that  M0N-10  could  be  interchanged  with  MON-1  and  yet  retain  similar 
operational  characteristics  if  the  maximum  propellant  temperature  limit  were 
simultaneously  reduced  from  120°F  for  MON-1  to  100°F  for  M0N-10.  This  MON 
change  depresses  the  oxidizer  freezing  point  from  +9°F  for  MON-1  to  -10°F  for 
M0N-10.  Ignition  characteristics  of  M0N-10  with  cold  propellants  at  low  Pc's 
corresponding  to  the  end  of  the  blowdown  mission  needed  to  be  experimentally 
verified. 

Figure  4-1  shows  the  relationship  between  vapor  pressure 
and  freezing  temperature  as  NO  is  added  to  the  oxidizer  N2O4.  The  X  in 
MON-X  represents  the  weight  %  of  NO  in  solution.  Addition  of  NO  increases 
the  vapor  pressure  of  the  oxidizer.  In  comparison  the  fuel  vapor  pressure 
remains  low  (3  psia  at  120QF). 

4.2.2  Tank  Blowdown  Effects 

The  difference  in  propellant  vapor  pressure  will  influ¬ 
ence  the  tank  pressurization  as  the  tanks  empty  or  as  the  tank  temperature 
changes. 

The  pressure  of  locked-up  tanks,  initially  loaded  at  400 
psia  and  70°F  at  20 %  ullage,  is  shown  in  Figure  4-2  with  temperature  varia¬ 
tions  from  -60  to  +120°F.  The  differential  vapor  pressure  between  fuel  and 
oxidizer  is  extended  as  the  MON  level  increases,  causing  a  mixture  ratio 
shift  bounded  by  the  limits  for  M0N-1  and  M0N-10  shown  in  Figure  4-3. 


ank  Pressure  vs  Temperature  for  Various  MON  Oxidizers 


4.2,  System-Mi ssi on-Engine  Interactions  and  Oxidizer  Blend  Selections  (cont.) 


With  constant  tank  temperatures,  the  higher  vapor 
pressure  of  high  MON  oxidizers  results  in  differential  tank  pressures  as 
propellant  is  consumed  (see  Figure  4-4). 

This  situation  can  be  compensated  for  by  the  proper 
selection  of  the  initial  ullage  in  each  tank,  resulting  in  a  life-averaged 
acceptable  condition  of  mixture  ratio  and  propellant  utilization  (see  Figure 
4-5).  For  example,  if  the  oxidizer  tank  (assuming  equal  size  tanks)  has  less 
ullage  at  the  start,  it  compensates  for  the  faster  depletion  rate  when  the 
tanks  are  nearly  empty  and  the  oxidizer  tank  has  a  higher  pressure  than  the 
fuel  tank.  This  situation  becomes  more  significant  as  the  NO  percentage  is 
i ncreased. 


The  conclusion  reached  from  this  task  was  that  the 
freezing  temperature  of  the  propellants  could  be  reduced  below  0°F  by  the  use 
of  10%  NO  (MON-IO).  In  order  to  prevent  excessive  overpressure  in  a  locked- 
up  tank  or  shifts  in  mixture  ratio,  it  would  be  necessary  to  reduce  the  upper 
allowable  temperature,  i . e. : 

0  MON-1  should  be  employed  between  20°F  and 
120°F 


°  M0N-10  should  be  employed  between  0°F  and 

100°F 

The  survey  indicated  that  most  users  would  be  satisfied 
with  a  3:1  blowdown  capability  as  compared  to  the  5:1  blowdown  goal.  Others 
expressed  a  willingness  to  reduce  the  maximum  propellant  temperature  from 
120°F  to  100°F,  if  this  would  lower  the  minimum  from  20°F  to  0°F.  This 
suggests  the  selection  of  MON-IO  as  an  alternate  oxidizer  over  the  range  from 
Q°F  to  100°F,  since  it  has  similar  performance  characteristics  as  MON-1 
within  the  20°F  to  120°F  range. 

Tank  blowdown  effects  on  the  Low-Thrust  Bipropellant 
Engine  for  MON-1  and  higher  MON-X  oxidizers  were  evaluated  over  ranges  of 
propellant  inlet  temperatures  up  to  120°F  (Figure  4-6).  The  analysis  inves¬ 
tigated  the  effects  of  (1)  propellant  temperature,  (2)  tank  ullage  volume, 
and  (3)  MON  content  upon  the  fuel  and  oxidizer  propellant  tank  pressures  and 
resultant  engine  mixture  ratios.  The  resulting  conclusions  were: 

(1)  Hot  propellant  tanks  result  in  higher  oxidizer  tank 
pressures,  leading  to  the  engine  being  driven  progressively  oxidizer  rich  as 
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Figure  4-4.  Higher  MON  Oxidizers  and  MR  Shift  Variations  During 
Blowdown 


Level  vs  Tank  Pressure  for  Various 
lage  Selections 
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Figure  4-6.  Minimum  and  Maximum  Propellant  Temperatures  Versus  NO 


4.2,  System-Mission-Engine  Interactions  and  Oxidizer  Blend  Selections  (cont.) 


the  mission  proceeds.  This  could  result  in  reduced  engine  cycle  life,  engine 
thermal  failure,  increased  plume  contaminants,  or  premature  oxidizer  tank 
depletion.  The  problem  is  further  aggravated  as  MON  content  is  increased  and 
propellant  tank  depletion  is  accelerated. 

(2)  Even  with  MON-1  at  70°F,  the  higher  oxidizer  par¬ 
tial  pressure  maintains  the  oxidizer  tank  at  a  higher  pressure  than  the  fuel 
as  blowdown  progresses.  This  results  in  a  shift  to  higher  engine  O/F  and 
oxidizer  tank  depletion  for  equal  volume  tankage  starting  with  equal  ullage 
volumes.  This  problem  can  be  alleviated  by  offloading  the  fuel  tank  at  start 
of  the  mission  (slightly  larger  fuel  ullage  and  reduced  fuel  blowdown  ratio) 
to  compensate  for  a  slower  rate  of  oxidizer  tank  pressure  decay.  This  main¬ 
tains  engine  0/F  nearly  constant  throughout  the  mission,  resulting  in  nearly 
simultaneous  depletion;  however,  the  engines  must  be  balanced  for  an  engine 
0/F  >  1.64. 


4.2.3  Oxidizer  Blends  Versus  Engine  Performance 

Figure  4-7  provides  a  comparison  of  the  theoretical  spe¬ 
cific  impulse  versus  nozzle  area  ratio.  Considering  MON-1  and  MON-20  oxidi¬ 
zer  blends,  the  effect  of  the  oxidizer  blend  on  the  theoretical  performance 
is  noted  to  be  small  even  at  nozzle  area  ratios  up  to  400:1.  The  influence 
of  nozzle  kinetics  (i.e.,  equilibrium  versus  frozen  flow  and  ODK)  are  noted 
to  be  a  much  more  significant  factor.  The  predicted  change  in  performance 
due  to  the  addition  of  10%  NO  to  the  oxidizer  was  less  than  1/2  of  one  per¬ 
cent.  However,  testing  with  M0N-10  was  recommended  for  Phase  II  to  verify 
these  conclusions. 

4.3  ENGINE  PARAMETER  STUDY 

4.3.1  Chamber  Pressure  Optimization 

Engine  performance,  blowdown  capability,  ignition  delay 
times,  and  chamber  cooling  are  controlled  by  the  chamber  geometry  and  chamber 
pressure.  This  section  provides  the  analytical  basis  for  the  selection  of 
the  nominal  design  chamber  pressure  used  in  the  Phase  II  verification  tests. 

Figures  4-8  and  4-9  show  that  performance  improves  at 
high  Pc  due  to  reduction  of  nozzle  kinetic  losses.  If  this  were  the  only 
consideration,  a  high  value  of  Pc  would  be  suggested;  however,  there  are  at 
least  three  other  factors  which  strongly  influence  the  design  Pc  selection. 
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4.3,  Engine  Parameter  Study  (cont.) 


First,  in  order  to  operate  satisfactorily  in  a  blowdown 
mode,  adequate  injection  aP  must  always  be  available  to  suppress  chugging. 
Since  injector  AP  is  proportional  to  Pc2,  high  initial  AP  must  be  incorpor¬ 
ated  at  the  maximum  initial  tank  pressure  to  provide  engine  blowdown  capabil¬ 
ity.  Prior  experience  from  many  ALRC  storable  engines  have  repeatedly  demon¬ 
strated  that  approximately  20  psid  minimum  injector  AP  is  required  to  sup¬ 
press  chugging.  Thus  Figure  4-10  shows,  for  various  initial  design  Pc's 
starting  from  400  psia  maximum  tank  pressure,  the  final  blowdown  Pc  and  tank 
pressure  at  which  the  injection  element  AP  is  reduced  to  20  psid.  This  sug¬ 
gests  that  a  lower  value  of  initial  Pc  increases  the  tank  blowdown  ratio 
capability  before  the  20  psid  injector  AP  threshold  is  reached.  Based  on 
this  first  order  analysis,  a  design  Pc  _<  125  psia  was  selected  in  order  to 
achieve  the  5:1  tank  blowdown  ratio.  A  more  detailed  chugging  analysis  of 
the  low-thrust  bipropellant  engine  was  conducted,  using  calculated  combustion 
time  lags  representative  of  0.5  lbF  thrust  class  engines.  The  results  from 
this  chugging  analysis,  shown  in  Figure  4-11,  confirmed  the  preliminary  ROM 
(20  psid  minimum  ap)  stability  criterion.  Thus  0.5  lbF  engines  with  initial 
design  Pc  125  psia  are  predicted  to  have  chug  stability  throughout  the  5:1 
blowdown  ratio. 


Second,  propellant  ignitability  diminishes  at  low  Pc's. 
Thus  it  was  analyzed  for  representative  conditions  at  the  end  of  the  5:1 
blowdown  ratio.  In  particular,  ignition  margin  is  reduced  with  cold  (20°F 
minimum)  propellants  and  reduced  chamber  L*  volume  (minimum  anticipated 
chamber  length  =  1.0  in.).  These  results,  shown  in  Figure  4-12,  indicate 
that  ignition  is  predicted  above  50  psia  minimum  Pc,  which  is  the  lowest  Pc 
achieved  at  the  end  of  the  5:1  blowdown  ratio  when  starting  from  an  initial 
Pc  of  125  psia. 


Third,  two  phase  (vapor/liquid)  injection  must  be 
avoided  in  the  oxidizer  manifold.  The  oxidizer  vapor  pressure  increases  for 
hot  propellants.  At  the  120°F  maximum  inlet  temperature,  M0N-1  oxidizer  has 
a  vapor  pressure  of  53  psia.  While  this  is  slightly  higher  than  the  50  psia 
minimum  Pc  at  the  end  of  the  5:1  blowdown  mission,  it  is  still  well  below  the 
70  psia  (50  psia  Pc  +  20  psid  AP)  oxidizer  manifold  pressure.  Thus,  although 
some  slight  oxidizer  flashing  may  occur  within  the  chamber,  the  oxidizer 
manifold  should  be  entirely  within  the  liquid  state,  assuring  uniform  injec¬ 
tion  distribution. 

From  the  standpoint  of  oxidizer  manifold  vapor  lock, 

MON- 10  at  100°F  maximum  behaves  similarly  to  MON-1  at  120°F  maximum.  Thus 
chug  stability  and  blowdown  capability  are  not  expected  to  be  compromised  by 


INITIAL  TANK  PRESSURE  =  40 0  PSIA 
INITIAL  FVAC  =  0.5  LBT 


Figure  4-10.  Initial  Chamber  Pressure  Selection  vs  Tank  Blowdown  Ratio 


130  PSIA  20  PSIA 


Figure  4-11.  Engine  Chug  Stability  Versus  Blowdown 
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Figure  4-12.  Low  Propellant  Inlet  Temperature  and  Low  Chamber 
Pressure  vs  Ignition  Delay  Time 


4.3,  Engine  Parameter  Study  (cont.) 


the  alternate  M0N-10  oxidizer.  Ignition  of  M0N-10  at  0°F  minimum,  compared 
to  MON-1  ignition  at  20°F  minimum,  may  present  another  story,  however  (see 
Figure  4-12).  Although  both  oxidizers  have  comparable  vapor  pressures  at  the 
above  conditions,  the  MMH  vapor  pressure  is  lower  at  0°F  than  it  is  at  20°F. 
Thus  low  temperature  ignition,  particularly  at  the  end  of  the  blowdown  mis¬ 
sion,  at  low  (50  psia)  Pc  may  present  a  problem.  Minimum  propellant  tempera¬ 
ture  ignition,  especially  at  low  Pc,  needed  to  be  verified  experimentally 
during  Phase  II. 


4.3.2  Injector  Design 

The  predicted  success  of  the  0.5  IbF  engine  was  heavily 
dependent  upon  achieving  a  satisfactory  injector  design  to  yield  the  desired 
spray  characteristics  necessary  for  achieving  high  combustion  performance  and 
uniformly  benign  chamber  thermal  compatibil ity.  Thus,  in  recognition  of  the 
criticality  of  the  injector  design,  10:1  superscale  injector  spray  pattern 
experiments  were  conducted  in  order  to  empirically  complement  the  extensive 
analytical  design  predictions. 


Figures  4-8,  4-9,  4-13  and  4-14  show  the  perfect 
injector  performance  prediction  cross-plotted  as  functions  of  chamber 
pressure,  engine  mixture  ratio,  nozzle  exit  area  ratio,  and  nozzle  length. 

The  perfect  injector  performance  corresponds  to  the  theoretical  One 
Dimensional  Equilibrium  (ODE)  specific  impulse  reduced  for  (1)  nozzle  kinetic 
loss,  (2)  nozzle  divergence  loss,  and  (3)  nozzle  boundary  layer  loss 
(predicted  by  the  BLIMP  model).  Thus,  while  the  perfect  injector  performance 
does  account  for  real  nozzle  inefficiencies,  it  does  not  account  for  injector 
performance  losses  attributable  to  (1)  incomplete  propellant  vaporization, 
(2)  non-homogeneous  gas  mixing,  or  (3)  cooling  losses  required  to  maintain 
chamber  compatibility. 

Figures  4-9  and  4-13  show  that  perfect  injector  per¬ 
formance  maximizes  at  high  Pc's  and  high  e (  500:1).  Rationale  for  the 
selection  of  Pc  =  125  psia  was  described  in  an  earlier  section.  The  selec¬ 
tion  of  nominal  c  =  143  was  based  on  the  test  facility  vacuum  capability 
(Ref .Subsection  4. 3. 3.1).  Under  these  conditions,  the  perfect  injector  per¬ 
formance  potential  for  the  0.5  IbF  engine  is  316  sec  Isp.  The  nozzle  losses 
are  based  on  the  BLIMP  Model  analyses  discussed  in  Section  4. 3.3.1. 

Based  upon  extrapolation  of  previous  ALRC  5  IbF  bipro¬ 
pellant  engine  and  100  IbF  MIB  experience,  it  was  estimated  that  a  20  sec 


NOZZLE  EXIT  AREA  RATIO 


4.3,  Engine  Parameter  Study  (cont.) 


performance  penalty  would  be  associated  with  achieving  the  necessary  chamber 
thermal  compatibil ity  for  a  >2  hr  single  burn,  >1000  thermal  cycles,  and 
>750,000  pulse  firings.  This  reduces  the  engine  performance  from  316  sec  to 
296  sec  Isp.  It  was  further  estimated  that  an  additional  injector  ineffi¬ 
ciency  of  approximately  2%  +  2%  Isp  should  be  anticipated  as  the  result  of 
either  incomplete  propellant  vaporization  or  core  mixing  inefficiency.  This 
leaves  a  predicted  engine  Isp  capability  of  290  sec  +_  5  sec,  exceeding  the 
280  sec  contract  performance  goal  by  5  to  15  sec.  However,  this  was  predi¬ 
cated  on  achieving  the  desired  optimized  injector  spray  pattern  character¬ 
istics.  In  fact,  the  critical  importance  of  this  requirement  was  the  basis 
for  ALRC  including  superscale  injector  experiments  in  their  design  data  pre¬ 
dictions. 


Therefore,  the  0.5  IbF  engine  design  requirements 
could  be  predicated  upon  achieving  an  injector  design  fulfilling  the 
following  criteria: 

°  Small  injector  manifold  dribble  volumes 
conducive  to  rapid  pulsing  response, 
high-pulse  performance  and  low-plume 
contaminants. 

°  Compatible  injection  spray  distribution. 

In  regard  to  the  first  requirement,  it  was  possible  to 
design  platelet  injector  manifolds  with  dribble  volumes  equivalent  to  approx¬ 
imately  1  msec  of  propellant  fill  time  at  the  nominal  rated  flowrates. 
Although  the  contract  pulse  performance  goal  permitted  larger  dribble  vol¬ 
umes,  extensive  effort  was  taken  to  reduce  dribble  volume  to  an  absolute 
minimum.  This  was  done  in  recognition  of  the  fact  that  the  0.5  IbF  engine 
would  quench  almost  immediately  after  valve  closure  due  to  its  small  chamber 
diameter,  with  the  propellant  contained  in  the  dribble  volume  upon  shutdown  a 
potential  plume  contaminant  source. 

Figure  4-15  demonstrates  the  objective  of  the  injec¬ 
tion  element/pattern  design  visually,  displaying  that  the  ideal  injecton  ele¬ 
ment  and  pattern  characteristic,  whether  it  be  achieved  by  a  single-  or 
multi-element  injector,  is  one  whose  sprays  are  reasonably  well-atomized  and 
whose  core  is  well-mixed  and  mildly  oxidizer  rich  (0/F  ^2.5  +  0.3),  with  a 
symmetrical  fuel-rich  periphery  adjacent  to  the  wall.  This  combination  will 
provide  high  steady-state  combustion  performance  and  provide  the  chamber  wall 
thermal  environment  necessary  for  achieving  the  engine  life  goals.  Chamber 
compatibility  is  also  essential  for  achieving  rapid  pulsing  response, 
high-pulse  performance,  and  low-plume  contaminants,  since  moderate  chamber 
temperatures  reduce  postfire  heat  soakback  into  the  injector  and  valve 
between  firings. 
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To  verify  the  desired  injector  pattern  objective,  10:1 
diameter  (100:1  flowrate)  superscale  platelet  injectors  were  designed,  fabri¬ 
cated,  cold-flow  tested,  and  evaluated  during  Phase  I.  These  superscale 
injectors  were  produced  from  the  prototype  platelet  art  work,  photo-enlarged 
to  10:1  scale.  To  further  enhance  usefulness,  the  cold-flow  fixture  shown  in 
Figure  4-16  was  fabricated  to  permit  flow  testing  of  loose  unbonded  platelets 
representing  a  significant  breakthrough  in  injector  development  state-of-the- 
art. 


Three  basic  injector  concepts  shown  in  Figures  4-17, 
4-18  and  4-19  were  experimentally  evaluated  in  two  iterations.  Two  film- 
coolant  variations  of  the  splash  plate  injector,  shown  in  Figure  4-?0,  were 
evaluated  during  the  first  test  series,  as  the  result  of  which  the  symmetri¬ 
cal  FFC  design  was  found  to  be  superior.  A  total  of  4  superscale  patterns 
were  cold-flowed  and  evaluated  in  the  first  test  series.  On  the  basis  of 
these  tests,  it  was  concluded  that  none  of  the  patterns  designed  on  the  basis 
of  analysis  alone  were  acceptable  for  actual  hot-fire  testing.  Thus  all 
injector  pattern  concepts  were  modified.  Two  variations  each  of  the 
Vortex/V-Doubl et  and  Co-Axial  Vortex/Swirl  Cup  designs  and  one  modified 
splash  plate  design,  for  a  total  of  5  injector  patterns,  were  tested  in  the 
second  cold-flow  series. 

Design  deficiencies  resulting  in  undesirable  spray 
characteristics  for  each  of  the  3  initial  injector  concepts  are  shown  in 
Figures  4-21,  4-22  and  4-23.  The  required  design  modifications  to  improve 
spray  characteristics  incorporated  prior  to  the  second  test  series  are  shown 
in  Figures  4-21,  4-22  and  4-24.  The  resultant  spray  distribution  improve¬ 
ments  achieved  with  the  modified  injector  designs  are  shown  in  Figures  4-26, 
4-26  and  4-27.  At  least  4  of  the  5  patterns  evaluated  in  the  second  series 
appeared  satisfactory  for  hot-fire  testing,  and  one  each  of  the  3  basic  ele¬ 
ment  concepts  were  recommended  for  prototype  fabrication  and  Phase  II  verifi¬ 
cation  hot-fire  testing. 

In  addition  to  the  spray  pattern/compatibil ity 
improvements  noted,  the  injector  manifold  dribble  volumes  were  reduced  by  20*. 
to  35%  from  first  to  second  injector  series.  This  significant  design 
improvement  was  made  possible  by  flowing  the  loose  platelet  manifold  in 
segments  to  ascertain  manifold  pressure  drop  and  injection  distribution 
sensitivity  to  manifold  volume  in  order  to  calibrate  the  manifold  hydraulic 
model.  Obtairanent  of  this  hydraulic  sensitivity  data  was  possible  due  to  Hie 
capability  to  flow  loose  platelets  in  varying  combinations  and  stacking 
sequences. 
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Figure  4-16.  Cold  Flow  of  Loose  Superscale  (10  X  Geometric)  Platelets 
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Element  "V"  Doublet  Oxidizer  Injector  Design 


Injector 


Symmetrically  Cooled  Versus  Bias  Cooled  Splash  Plate 


ORIGINAL  DESIGN 


Doublet  to  Eliminate  Oxidizer  Penetrat 


INJECTOR:  VORTEX/V- DOUBLET  -  MOD 


igure  4-24.  Modifications  to  Vortex  Designs 


VORTEX/VDT-MOD  A  VORTEX/VDT-MOD  B 


INJECTOR:  CO-AXIAL  VORTEX/SWIRL  CUP 


Figure  4-27.  The  Coaxial  Injector ;  Oxidizer-Rich  Core  and 
Fuel-Rich  Barrier 


4.3,  Engine  Parameter  Study  (cont.) 


4.3.3  Thrust  Chamber  Design 

4. 3. 3.1  Nozzle  Contour  and  Boundary  Layer  Loss 

Preliminary  performance  estimates  determined  that  con¬ 
siderable  analytical  uncertainty  existed  in  the  prediction  of  Boundary  Layer 
Losses  (ABLL)  for  0.5  lb  thrust  class  engines. 

A  literature  survey  to  determine  experimental  nozzle 
efficiencies  of  small  engines  is  summarized  in  Table  4- III.  The  empirical 
correlation  of  nozzle  Cf  efficiency  plotted  vs  throat  Reynolds  number  for 
these  engines  is  shown  in  Figure  4-28.  Also  shown  thereon  are  the  3  ranges 
of  ABLL  predicted  by  the  candidate  models.  The  JANNAF-recommended  BLIMP  pro¬ 
gram  appeared  to  provide  the  best  correlation  and  hence  was  used  to  provide 
the  performance  prediction.  The  e  =  100:1  nozzle  contour  corrected  for  dis¬ 
placement  boundary  layer  thickness,  based  upon  the  BLIMP  model,  is  shown  in 
Figure  4-29. 


The  0.5  lbF  engines  were  scheduled  for  testing  in  the 
ALRC  Research  Physics  Laboratory  with  a  vacuum  test  cell  capability  of  <  0. I 
psia.  The  0.5  lbF  engine  was  designed  for  a  nozzle  geometric  e  of  143:T,  as 
shown  in  Figure  4-29.  When  corrected  for  the  assumed  displacement  of  the 
boundary  layer,  this  143:1  geometric  e  is  calculated  to  result  in  an 
aerodynamic  e  of  100:1.  This  nozzle  e was  selected  because  it  is  the  maximum  e, 
resulting  in  near  optimum  expansion  to  the  cell  back  pressure  at  full  thrust, 
and  because  it  is  overexpanded  but  still  flows  attached  without  separating  at 
the  minimum  Pc. 


4. 3. 3. 2  Chamber  Diameter 

The  minimum  chamber  diameter  was  based  on  ignition 
quenching  considerations.  The  original  C0NTAM  model  formulation  did  not 
accurately  predict  cold  engine  performance  on  the  5  lbF  engine  program, 
although  hot  engine  pulse  characteristics  were  adequately  modeled.  It  was 
hypothesized  that  the  adiabatic  quenching  criterion  during  shutdown  was  in 
error.  The  formulation  was  consequently  modified  by  using  wal 1 -temperature- 
dependent  quenching  criteria,  which  resulted  in  an  excellent  correlation  of 
the  5  lbF  test  data  and  100  lbF  MIB  engine  pulsing  characteristics.  The 
original  adiabatic  quenching  model  results  and  the  modified  wal 1 -temperature- 
dependent  quenching  model  results,  using  the  modified  wall-temperature- 
dependent  quenching  criteria,  are  compared  in  Figure  4-30.  Since  previous 
design  experience  had  established  that  the  small  0.5  lbF  engine  would  quench 
rapidly  follwoing  valve  closure,  it  is  advantageous  to  maximize  the  chamber 
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Figure  4-28.  JANNAF  BLIMP  Model  -  Engine  Boundary  Layer  Performance  Efficiency  Prediction 
Compared  to  Other  Models  and  Experimental  Data 


NOZZLE  CONTOUR  COMPARISON 


Figure  4-29.  Nozzle  Contour  vs  Boundary  Layer  Thickness 


quench 


-30.  Modified  CONTAM  Quenching 


4.3,  Engine  Parameter  Study  (cont.) 


diameter  to  delay  quenching  as  long  as  possible  in  order  to  maximize  cold 
engine  pulse  performance.  However,  based  on  the  analysis  summarized  on 
Figure  4-31,  it  would  not  be  desirable  to  exceed  the  16:1  chamber  contraction 
ratio  since  the  propellant  injection  velocity  would  then  exceed  the  one¬ 
dimensional  combustion  gas  velocity.  This  would  likely  give  rise  to  hot-gas 
reci rculation  patterns  within  the  chamber  which  degrade  compatibility.  Thus 
a  maximum  allowable  chamber  diameter  of  .225  in.  was  selected  for  the  Pc  = 

125  psia  engine. 


Previous  correlations  of  the  injector  face  operating 
temperature  for  the  baseline  splash  plate  elements  showed  it  to  be  pattern- 
density-dependent  (Figure  4-32).  This  implied  that  even  though  a  16:1 
chamber  contraction  ratio  was  desirable  for  ignition,  a  smaller  diameter  at 
the  injector  face  is  needed  to  reduce  face  temperature  and  minimize  heat 
soakback  into  the  valves.  The  chamber  insert  providing  this  function  is 
shown  in  Figure  4-33.  Based  upon  the  calculated  axial  energy  release  pro¬ 
file,  its  contour  was  designed  to  achieve  a  nearly  constant  gas  velocity  pro¬ 
file  ttiroughout. 


The  modified  Priem  vaporization  analysis  for  0.5  lbl 
class  engines  predicted  reasonable  vaporization  efficiencies  in  chamber 
lengths  1.0  in.  Based  on  combined  vaporization  and  mixing/cooling  consid¬ 
erations,  it  was  estimated  that  a  nominal  chamber  length  ^1.5  in.  would  be 
required.  Consequently,  chamber  lengths  of  1.0  in.  and  2.0  in.  were  planned 
for  testing  during  Phase  IT.  The  final  chamber  length  for  the  Phase  III 
demonstration  engine  could  then  be  interpolated  from  the  resulting  Phase  II 
performance  and  thermal  data. 

4.3.4  Valves 


4. 3. 4.1  Valve  Selection 

Valve  response  time  and  dribble  volume  are  critical 
for  successful  attainment  of  the  desired  minimum  impulse  bits.  The  size, 
weight  and  cost  of  the  valve  are  also  very  important  in  terms  of  potential 
total  engine  size,  weight,  and  cost. 

The  performance  requirements  for  the  valve  were  deter¬ 
mined  to  be  within  the  current  state-of-the-art  for  both  the  torque  motor  and 
the  solenoid-actuated  valves  of  the  required  size. 

Valve  designs  currently  produced  combine  valve  ele¬ 
ments  in  different  ways,  with  3  basic  types  dominant.  One  is  solenoid- 
actuated,  using  a  conventional  cylindrical  armature  with  sliding  motion  of 
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4.3,  Engine  Parameter  Study  (cont.) 


the  armature  and  poppet  as  the  driver.  This  approach  is  typical  of  valves 
made  by  vendors  such  as  Carleton  Controls,  Circle  Seal,  Eckel,  Futurecraft, 
Marquardt,  Marotta,  Pyronetics,  Valcor  and  Wright  Components.  A  second 
solenoid  type,  made  by  MOOG,  Inc.,  Marquardt,  and  the  Systems  Division  of 
Parker  Hannifin,  uses  a  flat  face  armature  as  the  driver  and  eliminates  rela¬ 
tive  sliding  motion.  The  third  basic  design,  typical  of  valves  made  by 
Hydraulic  Research  and  MOOG,  Inc.,  uses  a  double  air  gap  torque  motor  with 
pivoting  armature  and  flexure  sleeves.  Since  current  production  valves  of 
this  type  were  capable  of  meeting  the  performance  requirements  for  the  0.5 
1 bF  thruster  program,  additional  valve  technology  work  was  not  necessary. 
Selected  for  use  was  a  MOOG  mechanically  linked,  bi propel! ant  torque  motor 
valve  with  soft-on-hard  shutoff  sealing  (Figure  4-34).  It  was  selected  based 
on  the  following  factors: 

°  The  basic  mechanically  linked  concept  has 
demonstrated  high  reliability  in  similar 
appl ications. 

°  The  valves  are  flight-qualified  and  have  been 
produced  in  quantity. 

0  Torque  motor  valves  have  been  successfully 

integrated  with  an  injector/thruster  at  both  the  5 
lb  and  100  lb  thrust  levels. 

°  The  valve  has  no  rubbing  seals  or  sliding  parts. 

°  The  construction  materials  have  been  demonstrated 
to  be  fully  compatible  with  the  propellants. 

°  Minor  modifications  to  the  design  would  allow  for 
reduced  weight  and  power  consumption  while  still 
achieving  the  required  performance. 

4. 3.4.2  Valve  Design  and  Interfaces 

The  Phase  I  valve  design  and  Phase  II  and  III  fabrica¬ 
tion  was  performed  under  subcontract  by  MOOG,  Inc.,  East  Aurora,  New  York. 

The  selected  design  was  a  smaller  version  of  that  produced  for  the  MMIII 
PSRE.  Scaleability  had  been  proven  earlier  on  the  5  and  100  lb  thrust  class 
bipropellant  engine  contracts.  Minimum  dribble  volume  is  achieved  by  bolting 
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the  valve  directly  to  the  injector.  The  basic  torque  motor  design,  mater¬ 
ials,  connector,  cover,  and  inlet  filter  type  were  unchanged  from  the  flight- 
qualified  design.  This  0.5  lb  thrust  version  of  the  MOOG  valve  has  been 
designated  Model  51E112. 

Figure  4-35  shows  a  section  view  of  a  typical  MOOG  bi¬ 
propellant  torque  motor  valve.  These  direct-acting  valves  use  a  torque  motor 
to  provide  simultaneous  opening  and  closing  of  a  pair  of  control  orifices. 
Each  orifice  is  formed  by  the  peripheral  opening  between  a  nozzle  and  a 
flapper. 


The  flappers  are  located  in  separate,  fluid-sealed 
chambers  to  give  complete  isolation  of  the  fupl  and  oxidizer  circuits.  The 
flappers  are  mounted  on  separate  flexure  tubes  which  are  arranged  side  by 
side.  A  common  armature  member  provides  torque  to  the  flapper  assembly  to 
provide  simultaneous  actuation  of  the  fuel  and  oxidizer. 

Valve  operation  is  as  follows.  When  an  electrical 
step  input  is  applied,  the  resultant  coil  flux  produces  a  torque  tending  to 
open  the  nozzle  orifices.  The  electrical  input,  saturates  the  magnetic  cir¬ 
cuit  of  the  torque  motor,  providing  a  high  driving  force  which  fully  opens 
the  flappers  against  the  stops. 

Removal  of  the  electrical  signal  permits  the  flappers 
to  return  to  the  closed  position.  Symmetrical  on-and-off  transient  charac¬ 
teristics  are  obtained  by  matching  the  magnetic  bias  force  to  the  net  driving 
force  from  the  electrical  signal  input.  The  bias  force  is  established  by 
initial  setup  of  the  torque  motor  so  that  no  adjustments  or  separate  bias 
springs  are  needed. 


Torque  motor  valves  have  been  made  in  a  range  of  sizes 
for  0.3  to  300  lb  thrusters.  The  5  msec  response  times  are  attainable  for 
the  0.5  lbF  application  without  the  use  of  special  electrical  drive  circuits 
or  changes  in  materials  from  those  used  previously. 

The  required  close  coupling  is  achieved  by  mounting 
the  valve  directly  to  the  backside  of  the  injector  (Figures  4-36  and  4-37) , 
thereby  forming  the  valve  seating  between  the  valve  flapper  buttons  (soft) 
and  the  polished  seating  surface. 

The  val ve-to-i njector  interface  seals  are  a  spring- 
energized  Teflon  seal  design  fabricated  by  Fluorocarbon,  Inc.  f ach  of  the 
annular  seal  grooves  is  vented,  thereby  requiring  the  failure  of  both  seals 


Figure  4-35.  Torque  Motor  Cross  Section  and  Functional  Parts 
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to  create  an  inter-propellant  leak.  The  seals  are  retained  by  a  seal  plate, 
sandwiched  between  the  injector  and  the  MOOG  valve  (Figure  4-36).  The 
valve/injector  assembly  is  held  together  by  3  #4-40  bolts  which  pass  through 
the  injector  and  into  threaded  holes  in  the  valve  (Figure  4-38). 

For  this  engine  application,  the  in-line  propellant 
inlet  ports  common  to  MOOG  valves  have  been  rotated  90°to  the  vertical 
(Figure  4-38).  This  change  to  the  baseline  MOOG  valve  was  designed  to 
shorten  the  overall  engine  length  and  provide  for  ease  of  mounting  to  the 
thrust  takeout  of  the  test  fixture.  The  propellant  inlets  are  MS  33656-4 
fittings  with  integral  filters,  sized  for  10  nominal  filtration.  The  valve 
employs  a  2  pin  Bendix  electrical  connector,  PTO  2H-8-2P. 

MOOG,  Inc.  conducted  analyses  to  optimize  the  flexure 
tubes,  valve  flappers  and  shutoff  elements  in  order  to  provide  the  106 
cycle  life  capability.  The  button  design  used  wa s  similar  to  that  of  the 
MOOG  Model  52E163  (5  lbF  Engine  AJ10-181)  bi propellant  valve.  This  valve 
demonstrated  a  cycle  life  greater  than  one  million  cycles. 

Analyses  indicated  that,  under  normal  operating  condi¬ 
tions,  the  flexure  sleeves  operate  at  a  stress  level  which  is  considerably 
less  than  the  fatigue  strength  of  the  flexure  sleeve  material  (85  Ksi  vs  110 
Ksi).  Details  of  these  analyses  are  provided  in  Appendix  A. 

Valve  response  was  considered  critical  in  terms  of 
achieving  the  desired  engine  pulsing  performance.  The  response  characteris¬ 
tics  of  the  selected  valve  were  estimated  at  the  time  of  valve  selection  by 
comparing  it  with  similar  valves  for  which  response  data  existed.  Response 
data  for  Model  51  x  101  shows  that  the  selected  valve  will  readily  meet  the 
0.005  second  opening  and  closing  response  requirements.  For  example,  the 
opening  response  of  Model  51  x  101  is  0.0017  sec  at  200  psi  and  28  vdc.  The 
unbalance  pressure  area  of  Model  51  x  101  is  about  30%  larger  than  that  of 
Model  51E112.  This  minimizes  the  effect  of  the  difference  in  operating 
pressures.  The  pull-in  current  for  the  Model  51  x  101  valve  at  300  psi  is 
0.081  amps,  demonstrating  that  Model  51E112  will  have  a  very  high  force 
margin  for  this  application. 

4.3.5  CONTAM  Analyses 

This  section  documents  the  parametric  analysis  conducted 
for  the  0.5  lbF  bipropellant  engine  with  the  CONTAM  program.  The  program 
used  was  CONTAM  II,  "Plume  Contamination  Effects  Prediction,"  as  described  in 
AFRPL  TR  73-46.  The  purpose  of  this  analysis  was  to  determine  the 
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Figure  4-38.  Valve/Injector  Interface  Bolt  Pattern 


4.3,  Engine  Parameter  Study  (cont.) 


interaction  of  several  engine  design  parameters  on  the  pulsing  and  contam¬ 
ination  performance.  Prior  to  the  parametric  study,  the  CONTAM  model  had  to 
be  fine-tuned  in  order  to  match  the  previously  predicted  results  of  the 
steady-state  propellant  vaporization  analyses  (Priem  generalized  length 
model). 


The  standard  atomization  model  predicted  the  droplet 
diameter  to  be  on  the  order  of  5  microns  for  both  the  fuel  and  oxidizer.  To 
obtain  the  same  diameters  in  the  CONTAM  prediction,  the  droplet  size  factors 
for  the  fuel  and  oxidizer  were  selected  to  be  0.087  and  0.130,  respectively. 
Subsequent  use  of  these  droplet  size  factors,  however,  resulted  in  the  vapor¬ 
ization  efficiency  predictions  of  CONTAM  being  signif icantly  lower  than  pre¬ 
dicted  by  the  Priem  analysis  and  being  independent  of  the  fuel  and  oxidizer 
burning  rates.  Because  this  was  inconsistent  with  anticipated  results,  prob¬ 
lems  with  the  combustion  model  within  CONTAM  were  suspected. 

Examination  of  the  droplet  model  within  CONTAM  revealed 
that  the  driving  force  on  the  droplets  was  simply  the  aerodynamic  drag  of  the 
vaporized  propellants  accelerating  the  droplets  out  of  the  chamber.  Because 
this  aerodynamic  drag  is  a  function  of  the  droplet  diameter  squared  while  the 
droplet  mass  varies  inversely  with  diameter  cubed,  a  strong  influence  exists 
beween  droplet  diameter  and  droplet  acceleration  rates.  The  droplet  model 
indicates  that  this  acceleration  rate  becomes  very  high  as  the  diameters 
become  very  small  (<10  microns).  Likewise,  the  Priem  model  predicts  high 
acceleration  rates  for  small  droplets,  but  predicts  the  burning  rate 
increases  more  rapidly,  resulting  in  higher  vaporization  efficiencies. 

Inasmuch  as  the  ALRC  application  of  the  Priem  model  for  prediction  of  per¬ 
cent  vaporization  had  been  proven  in  use,  and  since  it  was  in  disagreement 
with  the  lineraized  burning  rate  approximat ion  built  into  CONTAM  I]  (for 
small  element  size),  the  droplet  size  factors  were  increased  in  CONTAM  II  to 
agree  with  the  Priem  model.  This  timesaving  factor  eliminated  the  need  to 
reprogram  the  CONTAM  II  small  droplet  model.  Doubling  the  droplet  size 
factors  for  both  the  fuel  and  oxidizer  (to  0.174  and  0.260,  respectively) 
resulted  in  the  normal  behavior  of  the  CONTAM  vaporization  calculations. 

The  standard  Priem  model  analysis  predicted  the  propel¬ 
lant  vaporization  efficiency  to  be  99%  for  the  oxidizer  and  95%  and  96%, 
respect i vely,  for  the  single  and  double  fuel  flame.  (The  latter  includes 
monopropellant  burning  of  the  fuel.)  To  obtain  these  same  propellant  vapor¬ 
ization  rates  within  the  CONTAM  model,  the  corresponding  burning  rates  were: 
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4.3,  Engine  Parameter  Study  (cont.) 


Oxidizer  Burning  Rate,  K'ox,  DDD1  (145) 
Fuel  Burning  Rate,  K'fu.  ODDI  (125) 
Monopropel lant  Burning  Rate,  DDD1  (126) 

DDD1  (127) 


0.0116 

0.0063 

0.471 

0.00942 


DDD1  (128)  =  0.66 

The  modeling  of  the  higher  NO  level  (MON-X)  oxidizers 
would  have  required  the  modification  of  the  oxidizer  property  data  input  to 
CONTAM.  However,  these  data  for  the  MON-X  oxidizers  are  not  readily  avail¬ 
able,  thus  the  decision  was  made  to  simulate  the  MON-X  oxidizers  by  using  the 
MON-1  property  data.  A  review  of  existing  data  yielded  conflicting  results 
as  to  the  ignition  of  the  MON-X  oxidizers.  The  primary  difference  between 
the  MON-1  and  MON-X  oxidizers  under  transient  combustion  characteristics  is 
the  vapor  pressure/temperature  relationship.  The  vapor  pressure  increases 
with  an  increase  of  the  %  NO  in  the  oxidizer.  This  increased  vapor  pressure 
of  the  MON-X  oxidizers  was  simulated  with  the  MON-1  oxidizer  by  adjusting  the 
MON-1  inlet  temperature  to  a  higher  value  in  order  to  yield  the  desired  vapor 
pressure. 


A  total  of  30  different  cases  (not  including  the  23  cal¬ 
ibration  pre-runs)  were  identified  in  order  to  completely  model  the  0.5  IbF 
engine  parameters.  Table  4- IV  is  a  case-by-case  description  of  each  of  the 
30  valid  cases  modeled  with  the  CONTAM  program.  The  major  parameters  varied 
in  this  analysis  are  L',  propellant  temperature,  electrical  pulse  width 
(EPW),  injector  dribble  volume,  tank  blowdown  pressures,  and  MON-X  content. 


The  timing  of  significant  events  and  primary  outputs  of 
the  CONTAM  parametric  study  are  tabulated  in  Table  4-V,  and  are  illustrated 
graphically  in  Figures  4-39  through  4-50.  The  significant  conclusions  of 
this  study  are  listed  below. 

0  CONTAM  predicted  that  the  ignition 
delay  times  were  greatly  increased 
with  higher  propellant  inlet  tempera¬ 
tures.  It  is  not  believed,  however, 
that  this  prediction  is  indicative  of 
a  real  engine. 


r 

TABLE  4- IV 

CONTAM  MODEL  CASE  VARIABLES 


CASE 

DESCRIPTION 

1 

Baseline  Design*,  Cold  Start  (T  =  TJ0  »  Tco  =  T^.^) 

2 

Baseline  Design,  Hot  Start  (T  -  70°F,  T,_ 

=  1 50°F ,  T  = 

CO 

500°F ) 

3 

L1  = 

1.0",  Cold 

4 

L*  = 

2.0",  Cold  .  ,  „  . 

L  Variation 

-  Hot  and  Cold 

Fngines 

22 

L’  = 

1.0",  Hot 

23 

L'  = 

2.0",  Hot 

5 

II 

CL 

h- 

20°F-  TJ0  =  Tco  =  20°F 

6 

V 

50Or*TJ0=Tco=50°F 

7 

V 

100°F-  TJ0  =  Tco  =  100°F 

T  Variation 

p 

8 

V 

120°F ,  T,„  =  T  -  120°F 

JO  co 

9 

V 

120°F ,  TjQ  =  150°F,  Tc0  =  500°F 

10 

EPW 

=  0. 005  sec.  Hot 

11 

EPW 

=  0.020  sec.  Hot 

12 

EPW 

=  0.040  sec,  Hot 

EPW  Variation 

20 

EPW 

=  0.005  sec,  Cold 

Hot  and  Cold  Engines 

21 

EPW 

=  0.020  sec.  Cold 

14 

Dribble  Volume  =  0.000015  in.  ,  Cold 

Dribble  Volume 

15 

Dribble  Volume  -  0.000030  in.3.  Cold 

Variation 

16 

PT  ' 

200  psia.  Cold 

17 

PT  = 

133  psia.  Cold 

Tank  Blowdown 

18 

PT  = 

100  psia,  Cold 

Variation 

19 

PT  " 

80  psia,  Cold 

24 

PT  - 

80  psia,  TjQ  =  150°F,  Tco  =  500"F,  Tp 

=  120CF 

25 

30 

PT  = 
PT  ' 

80  psia,  TJ0  *  Tco  =  Tp  =  20"F 

80  TJ0  =  Tco  =  Tp  1  120°F 

Temp.  Sensitivity 
at  end  of  5:1 
bl  owdown 

MON  Level  Tox  _TF  _ PT  TJO  Tco 


26 

10 

1  39°F 

120°F 

400  psia 

1  50CF 

5oo°r 

27 

10 

1  39°F 

120°F 

100  ps  i  a 

1 50  T 

500PF 

Ox -MON 

28 

14 

1 40"F 

120°F 

133  psia 

1 50 'T 

500"F 

Lpvel 

29 

24 

1  76"F 

120°F 

400  psia 

150  r 

5O0°F 

Variat 

‘Baseline  Design 
P|  =  400  psia 
L'  =  1.5" 

EPW  =  0.0010  sec 
Ox  Drib.  Vol.  =  .000020  in.3 
Fuel  Drib.  Vol.  -  .000020  in.3 


0.0060 
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Chamber  Length  vs  Performance  and  Contaminant 
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Figure  4-40.  Computer  Plots  of  CONTAM  Transient  Responses  (Variable  Propellant 
Inlet  Temperatures) 


CONTAM  Modeling  of  Warm  Propellant  Ignition  Characteri 
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Figure  4-42  Dribble  Volumes  vs  Fir 
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Figure  4-44.  CONTAM  Model  Predicts  Pulse  Performance  Goals 


Dribble  Volumes  vs  Response,  Pulse  Performance,  and 
Plume  Contaminants 
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Figure  4-50.  Oxidizer  Manifold  Fill  Time  vs  Total  Impulse  Repeatability 
for  Increased  Oxidizer  MON  Content  at  Lower  Tank  Pressures 
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4.3,  Engine  Parameter  Study  (cont.) 


°  CONTAM  predicted  that  the  oxidizer  manifold  fill 
times  are  increased  with  the  higher  MON  level  oxi¬ 
dizers.  This  increase  in  fill  time  is  a  result  of 
the  increased  vapor  pressure  of  the  MON-X  oxidizers. 

°  No  serious  pressure  overshoots  were  predicted  by 
CONTAM.  A  maximum  of  ^1000  psia  was  observed  in  a 
hot  propellant  case.  The  ignition  delay  which 
resulted  in  this  pressure  overshoot  is  not  believed 
to  be  real  (as  mentioned  above).  Otherwise,  maximum 
spike  pressures  of  approximately  200  psia  were  pre¬ 
dicted. 

°  The  amount  of  the  maximum  engine  contamination  was 
predicted  to  be  approximately  5%,  with  nominal  con¬ 
taminants  of  IS  to  2S. 

°  CONTAM  predicted  the  pulsing  specific  impulse  to  be 
well  above  the  contractual  goal  of  220  seconds. 
CONTAM  predicted  a  pulsing  Isp  of  250  -270  seconds. 

Based  upon  the  results  of  the  CONTAM  parametric  study, 
no  significant  design  deficiencies  or  performance  anomalies  were  found. 

4.3.6  Thermal  Design 

The  objective  of  the  thermal  design  task  was  to  config¬ 
ure  the  engine  heat  storage  and  heat  conduction  paths  in  order  to  provide 
acceptable  steady-state  operating  temperature  and  heat  soaks  following  long 
burns.  The  design  criteria  for  these  analyses  were  as  follows: 

°  The  columbium  chamber  should  be  under  2500°F  in  the 
sil icide-coated  region  and  under  B00°F  in  regions  where  coating  is  not  prac¬ 
tical  (head  end  weld). 

0  The  bimetallic  Cb-SS  interface  should  be  under  800°F 
in  order  to  achieve  the  1000  full  thermal  cycle  goal.  This  temperature  is 
based  on  the  life  cycle  prediction  data  shown  in  Figure  4-51.  The  predicted 
failure  of  the  joint  is  based  on  the  differential  expansion  rates  between  the 
columbium  and  stainless  steel. 

°  The  backside  of  the  injector  which  forms  the  valve 
seats  should  not  exceed  the  boiling  temperature  of  the  N2O4  at  the 


THERMAL  CYCLE  LIFE  DESIGN  CURVE 


Figure  4-51.  Estimated  Thermal  Cycle  Life  of  Columbium  Stainless  Steel  Joint 
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4.3,  Engine  Parameter  Study  (cont.) 


valve  inlet  pressure  during  steady-state  and  should  not  soak  out  to  a  temp¬ 
erature  higher  than  300°F  after  shutdown.  This  is  required  to  protect  the 
Teflon  buttons  in  the  valve  when  it  closes. 

°  The  total  heat  transferred  to  the  spacecraft  should 

be  minimized. 


During  Phase  I,  thermal  analyses  of  the  thrust  chamber 
assembly  were  made  to  evaluate  various  thermal  control  configurations.  The 
S1NDA  computer  program  was  employed  to  establish  optimum  wall  thickness  pro¬ 
files  and  to  aid  in  understanding  the  heat  transfer  characteristics.  An 
evaluation  of  the  engi ne-to-spacecraft  heat  shunt  effects  and  the  injector 
steady-state  and  soakout  temperature  was  also  included. 

The  SINDA  computer  program  was  used  to  solve  a  thermal 
network  representation  of  the  0.5  IbF  engine  using  the  node  locations  shown 
in  Figure  4-52.  This  configuration  illustrates  a  relatively  thick  wall  sec¬ 
tion  near  the  throat  region  to  take  advantage  of  the  heat  flux  transformation 
benefits. 


A  thinner  wall  (.030")  is  represented  for  the  somewhat 
cooler  chamber  forward  end  to  limit  thermal  capacitance  and  conduction  of 
heat  into  the  injector  during  the  engine  coast  periods.  Further  reduction  of 
heat  conduction  into  the  injector  is  effected  through  a  stainless  steel 
insert  at  the  chamber  forward  end.  This  portion  of  the  chamber  was  expected 
to  be  relatively  cool  as  a  result  of  a  liquid  film  deposited  by  the  injector 
in  this  region.  Dimensional  details  of  the  forward  section  which  were  uti¬ 
lized  in  the  SINDA  model  are  shown  in  Figure  4-53. 

The  chamber  nodal  resistance-capacitance  network  shown 
in  Figure  4-52  includes  heat  radiation  to  space  from  the  chamber  exterior 
surface  and  the  nozzle  interior  surface  where  appropriate  view  factors  are 
utilized.  An  emissivity  value  of  0.8  was  considered  for  both  the  exterior 
and  interior  surfaces. 

Adiabatic  wall  temperature  and  wall  mixture  ratio  pro¬ 
files  were  predicted  using  the  HEATLQ  liquid  film  cooling  model.  They  are 
based  on  an  energy  release  efficiency  of  94  percent,  with  30  percent  of  the 
fuel  acting  as  film  cooling.  Based  on  previous  cold  flow  data  for  similar 
injection  elements,  the  film  cooling  flow  was  estimated  to  be  25-30  percent. 

The  injector  nodal  network  is  shown  in  Figure  4-54.  In 
the  injector,  model  heat  conduction  into  the  propellants,  spacecraft,  and 
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Figure  4-53.  Injector-Chamber  Adapter  Employed  in  Thermal 
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4.3,  Engine  Parameter  Study  (cont.) 

valve  was  considered.  Previous  platelet  injector  small  engine  test  data 
showing  injector  face  temperature  versus  element  quantity  per  square  inch  of 
face  indicated  injector  face  temperatures  near  300°F.  This  was  considered  as 
one  boundary  condition  during  steady-state  modeling  of  the  0.5  lbF  engine. 
During  coast  periods,  this  temperature  was  allowed  to  soak  to  values  as  cal¬ 
culated  by  the  SINDA  Program. 

An  injector  heat  balance  summary  for  various  heat  con¬ 
duction  rates  into  the  spacecraft  is  presented  in  Table  4- V I .  This  includes 
injector  steady-state  and  soakout  temperatures  for  the  corresponding  config¬ 
urations. 


As  a  result  of  the  small  manifold  surface  area,  com¬ 
paratively  little  heat  is  absorbed  by  the  propellants.  This  becomes  more 
pronounced  as  heat  conduction  into  the  spacecraft  is  increased.  For  example, 
when  the  inject or- to- spacecraft  conductance  is  .00015  Btu/sec-°F,  the  total 
steady-state  heat  input  to  the  injector  is  12.21  watts.  Of  this  total,  8.00 
watts  is  conducted  into  the  spacecraft  while  a  total  of  4.21  watts  is 
absorbed  by  the  propellants.  A  large  portion  of  the  total  heat  input  during 
firing  is  conducted  directly  across  the  injector  face  and  ultimately  diffuses 
into  the  injector  body.  Some  of  this  heat  input  can  be  reduced  by  con¬ 
structing  an  insulator  platelet  (voided  area)  within  the  injector  stack.  To 
evaluate  the  effect  of  this,  an  insulator  plate  was  considered.  The  results, 
presented  for  a  spacecraft  conductance  of  .00015  Btu/sec-°F,  are  shown  in 
Table  4- VI .  For  this  case,  a  spacecraft  heat  load  of  7.26  watts  is 
predicted,  which  compares  with  8.00  watts  for  the  non-insulated  face. 

The  resulting  steady-state  and  soakout  temperatures  of 
the  injector  and  valve  were  included  in  Table  4-VI  for  the  above  configura¬ 
tions.  These  temperatures  decrease  to  some  extent  with  increased  conductance 
to  the  spacecraft.  The  temperatures  given  are  based  on  100°F  spacecraft  and 
propellant  inlet  temperatures. 

Computed  temperature  distributions  for  chambers  of  vari¬ 
ous  configurations  are  illustrated  in  Figure  4-55.  The  medium  wall  chamber 
design,  as  illustrated,  represents  the  optimum  configuration  in  that  the 
maximum  chamber  temperature  is  within  acceptable  material  limits.  For  this 
conf iguration,  a  maximum  temperature  of  2412°F  is  predicted  for  the  throat. 
Immediately  after  shutdown,  cooling  of  the  chamber  occurs,  except  in  the 
forward  section  where  the  termination  of  film  cooling  results  in  some 
increase  in  temperature  as  indicated  by  the  parenthesized  values.  For 
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INJECTOR  HEAT  BALANCE  AND  TEMPERATURE  SUMMARY 
(Spacecraft  and  Propellant  Inlet  Temperature  =  100°F) 


valve  maximum  boakout  Temperature  (°F)  166  0  40  sec.  151  0  34  sec.  142  P  32  sec.  147  P  36  sec. 

Steady-State  Oxidizer  Temperature  Rise  (°F)  2.75  2.59  2.48  2.53 

Steady-State  Fuel  Temperature  Rise  (°F)  6.20  5.71  5.57  5.68 
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Figure  4-55.  Chamber  Wall  Thickness  vs  Heat  Soak  and  Operating 
Temperature 


4.3,  Engine  Parameter  Study  (cont.) 


example,  at  the  extreme  forward  end,  the  temperature  Increases  from  351 °F 
during  steady-state  to  a  maximum  soakout  temperature  of  757°F.  Near  the 
stainless  steel/  columbium  joint,  a  maximum  soakout  temperature  of  979°F  is 
predicted.  The  medium  wall  thickness  design  was  recommended  for  Phase  II 
fabricat ion. 


4.4  PHASE  I  CONCLUSIONS  AND  RECOMMENDATIONS 

The  Phase  I  analysis  of  the  issues  described  in  the  “User's 
Survey"  and  the  resultant  hardware  select ion/designs  concluded  that: 

°  4:1  blowdown  appeared  to  be  adequate 

0  Engine  design  needed  to  be  tolerant  of  mixture  ratio 
excursions 

°  MON- 10  would  provide  lower  temperature  operation  but  would 

reduce  the  elevated  temperature  capabilities 

°  Minimum  impulse  bits  of  .001-. 003  10%  were  of  interest 

°  >10  hr  life  needed  demonstration 

°  Valve  redundancy  needed  to  be  addressed. 

Phase  II  hardware  needs,  based  on  the  anticipated  test  program 
and  performance  requirements,  were  evaluated  and  resulted  in  the  following 
recommendations: 

°  Fabricate  2  torque  motor  model  51E112  valves 
°  Fabricate  and  cold-flow  3  injector  designs 
°  1  coaxial  swirler 

°  1  fuel  swirler  -  3  "V"  doublet  oxidizer 

°  1-3  element  splash  plate 
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4.4,  Phase  I  Conclusions  and  Recommendations  (cont.) 


°  Fabricate  flanged  columbium  chambers  L *  =  1  and  2  in. 

0  Continue  to  evaluate  methods  of  bimetallic  joint 
fabrication. 

°  Proceed  with  development  of  dual  mode  thrust  stand. 

The  Phase  II  test  program  was  recommended  to  proceed  as  proposed 
in  the  baseline  program  plan.  The  test  program  and  associated  design  and 
analysis  activities  recommended  were: 

°  Verify  predicted  steady-state  and  pulse  mode  performance 

°  Test  at  vacuum  with  143:1  geometric  nozzle 

0  Evaluate  chamber  L'  of  1.0  to  2.0  in. 

°  Use  MON-1  as  baseline  oxidizer  (20  to  120°F) 

°  Use  M0N-10  as  alternate  oxidizer  (0  to  100°F) 

°  Verify  identical  performance  and  verify  0°F  ignition  with 
M0N-10 

°  Verify  variable  mixture  ratio  operation 

0  Determine  minimum  impulse  it  of  injector  designs 

°  Instrument  chamber  and  injector  to  verify  calculated 
boundary  conditions  and  predicted  temperatures 

°  Design  engine-to-test  stand  mount  simulating  spacecraft 
conduction  paths 

°  Instrument  engine  mounts  to  verify  heat  load 
°  Verify  thermal  soakback  predictions 

°  Verify  deficiencies  in  CONTAM  predictions. 
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SECTION  5.0 

PHASE  II  -  DESIGN,  FABRICATION,  AND  VERIFICATION  TESTING 


5.0  PHASE  II  -  DESIGN.  FABRICATION  AND  VERIFICATION  TESTING 

The  design  conditions  and  criteria  for  the  Phase  II  verification  test 
hardware  were  based  on  the  Phase  I  analysis  and  design  activities. 

Phase  II  thus  consisted  of  (1)  detailed  analyses  and  the  development 
of  design  configurations  which  would  satisfy  the  design  requirements;  (2) 
fabrication  of  the  components  (valve,  injectors  and  chambers)  required  to 
obtain  data;  (3)  systematic  bench-  and  hot-fire  testing  of  each  of  the  com¬ 
ponents  over  the  range  of  parameters  of  interest  in  order  to  verify  and  up- 
rate  the  analyses  and  to  establish  feasibility  of  the  concepts;  and  (4)  the 
generation  of  designs  for  Phase  III  demonstration  testing. 

5.1  ENGINE  DESIGN  AND  FABRICATION 


5.1.1  Valve  Fabrication  and  Bench  Te stinc 


5. 1.1.1  Valve  Fabrication 


Fabrication  of  the  valves  was  done  by  MOOG,  Inc.  The 
top  assembly  drawing  for  the  valve  is  shown  in  Figure  5-1. 

Two  hot-fire  test  valves  and  one  bench-test  valve  were 
fabricated  during  Phase  II.  No  fabrication  difficulties  were  encountered. 

5. 1.1.2  Valve  Bench  Testing 

MOOG,  Inc.  bench-tested  one  valve.  Model  51E112,  at 
their  facility.  The  bench-test  valve  was  proof-tested  at  800  psia  with  GN2 
for  3  minutes.  Visual  observations  disclosed  no  deformation  or  other  ano¬ 
malies. 


Internal  and  external  leak  checks  were  performed  with 
an  integrated  valve  and  injector  at  50  and  400  psia.  The  external  leakage 
was  checked  by  using  "Leaktec"  bubble  solution,  whereas  the  internal  checks 
were  made  using  a  water  displacement  method.  There  was  no  leakage. 
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Figure  5-1.  Torque  Motor  Valve  Model  51 El  1 2  Assembly  and  Interface  Drawing 
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5.1,  Engine  Design  and  Fabrication  (cont.) 

The  valve  response  was  initially  measured  with  both  a 


100  ohm  coil 
results : 

and  a  170 

ohm  coil.  The 

100  ohm  coil  gave 

the  following 

Coil 

Voltage 

gn2 

Pressure 

Open  Time 
psia  ms 

Close  Time 
ms 

100  ft 

20 

400 

3.6 

0.6 

100  ft 

25 

400 

3.2 

0.6 

100  ft 

28 

400 

2.6 

0.5 

100  ft 

31 

400 

2.4 

0.5 

100  ft 

28 

400 

3.6 

0.5 

The  use  of  a  16.4  volt  voltage  clipping  Zener  diode 
increased  the  close  time  from  0.5  to  1.2  ms. 

The  100  ohm  coil  generated  a  7.8  watt  heat  load  and 
power  drain,  whereas  the  170  ohm  coil  required  only  4.6  watts.  Both  designs 
met  the  design  goals  (i.e.,  a  valve  response  time  of  less  than  5  ms).  A 
selection  of  the  170  ohm  coil  was  made  to  minimize  the  system  heat  load. 

When  the  final  bench  test  coil  was  wound,  it  had  a 
resistance  of  177  ohms.  Response  data  obtained  with  this  coil  are  provided 
in  Figure  5-2  and  Table  5-1.  Compared  to  the  design  goal  of  5.0  ins  maximum, 
the  nominal  opening  response  time  at  400  psia,  28  volts  was  3.2  ms  and  the 
closing  time  was  1.0  ms. 


The  two  deliverable  contract  valves  were  assembled 
with  injectors.  Figure  5-3  shows  a  comparison  of  their  opening  response 
times  with  that  of  the  bench-test  valve. 

The  bench-test  valve  was  also  subjected  to  a  1,000,000 
cycle  test  with  400  psia  water  inlet.  No  mechanical  or  leakage  problems  were 
encountered  during  this  testing.  A  life  cycle  test  history  is  provided  in 
Table  5-1 I. 


Both  circuits  of  all  delivered  i njector/val ve  assemb¬ 
lies  were  flowed  with  demineralized  water  for  Kw*  determination  when  received 
at  ALRC.  These  data  were  generally  in  good  agreement  with  the  ALRC  injector/ 
valve  pre-assetnbly  flow  data. 


*KW  =  w/VPS.g. 
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4.0 


Figure  5-2.  Opening  Response  Time 


FABLE  5-1 


RESPONSE  MAPPING  OF  177  OHM  BFNCH-TFST  VALVF 


Inlet 


Opening  Response 

Time  ( 

Pressure  (psi) 

25VDC 

28  V  DC 

200 

2.8 

2.  - 

250 

3.0 

2  .  c 

300 

3.2 

2.  C- 

350 

3.4 

3. : 

400 

3.6 

3 . : 

450 

3.9 

3  .  4 

500 

4 . 2 

3.  e 

550 

4  .  4 

i  : 

600 

5.1 

4 . : 

) 


The  valve  closing  Response  Time  was  ;1.0  ms  at  all  conditions 
of  supply  pressure  and  voltage. 


DRY  vs.  WET  RESPONSE  TIMES 


Response  Times  at  400  psig 
(Open/Close)  (ms) 

20V  25V  28V  327 


GN 2~ 16 . 4  V  Diode 


GN_-30  ohm  Series  Resistor 
2  16.4  V  Diode 


4.9/1. 5 

5. 6/1. 4 


3.6/1 .5 

4.0/1  .4 


3. 3/1. 5 

3. 5/1. 5 


2 . 8/'  1 . 5 

3.0/1 .5 


H20-No  Diode 


4. 8/1.0  3. 8/1.0  3. 3/1.1 


2.9/1 . 1 


»20-l6.4  V  Diode 


3. 3/2.5 
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DESIGN  GOAL  <  0.005  SEC  OPEN  AND  CLOSE 


Repeatability  of  Three  Valves  and  Sensitivity  to  Line  Pressure 


LIFE  CYCLE  TEST  RESULTS  OF  51  Ell 2  PROTOTYPE  VALVE 
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0-500,000  Cycles  @  20  Hz 
500,000-800,000  Cycles  @  40  Hz 
800,000-1 ,000,000  Cycles  @  80  Hz 


5.1,  Engine  Design  and  Fabrication  (cont.) 


The  injector/ val ve  assemblies  were  cold-flowed  again 
at  ALRC  following  final  braze  assembly  of  the  injector  and  chamber.  No 
changes  in  flow  characteristics  or  plugging  were  experienced  during  this 
assembly  process. 


5.1.2  Injector  Fabrication  and  Flow  Testing 


5. 1.2.1  Design  Selection 

Based  on  the  results  of  the  Phase  I  superscale  cold 
flow  results,  three  injector  designs  were  selected  for  fabrication.  These 
designs  were: 


°  A  one  element  coaxial  swirl er  (1-CAS) 

°  A  pattern  consisting  of  3  Ox  V-doublets  impinging 
on  a  single  central  fuel  swirler  (3-VDS) 

°  A3  element  splash  plate  (3-SPA) 

Schematic  drawings  of  the  element  and  spray  patterns 
were  shown  in  Figures  4-17  to  4-27  of  Section  4.  The  fabrication,  cold-flow 
and  hot-fire  test  history  of  these  three  designs  is  summarized  in  Figure  5-4. 

5. 1.2. 2  Fabrication 

Nine  units  of  each  injector  design  were  fabricated, 
using  the  photo-etched  platelet  array  shown  in  Figure  5-5.  Figures  5-6,  5-7, 
and  5-8  show  close-up  photographs  of  a  finished  3-VDS  and  1-CAS  injector. 
Alignment  problems  encountered  in  the  stacking  of  the  "9  unit"  arrays 
resulted  in  $N  3  and  SN  7  of  each  design  being  rejected  as  atypical  of  the 
lot  and  fabrication  process.  Following  this,  the  injectors  were  stacked  and 
bonded  one  unit  at  a  time.  The  alignment  problem  was  subsequently  traced  to 
a  human  error  in  the  photographic  reduction  and  corrected,  starting  with  SN 
11. 


The  manufacturing  experience  showed  that,  of  the  three 
designs,  the  1-CAS  injector  was  the  easiest  to  fabricate.  This  design 
required  fewer  total  parts,  the  minimum  platelet  thickness  was  .002  in.  com¬ 
pared  to  a  .001  in.  for  the  other  designs,  and  the  passage  sizes  were  larger 
and  easier  to  inspect. 


OESIGN  BASED  ON 


Figure  5-6.  Three-Element  V  Doublet-Swirler  Injector  3-VDS 


CHAMBER 

GROOVE 


OX  &  FUEL 
COAXIAL  SPRAY 


5.1,  Engine  Design  and  Fabrication  (cont.) 


After  the  selection  of  the  1-CAS  design  as  superior  in 
terms  of  performance,  cooling,  and  fabrication  considerations,  a  series  of 
tests  were  conducted  to  correct  the  high  fuel  circuit  pressure  drop.  These 
tests  consisted  of  sectioning  one  of  the  injectors  and  measuring  the  actual 
post-bond  passage  sizes.  They  also  included  cold-flowing  a  series  of 
nonbonded  platelets  to  identify  the  actual  pressure  drops  in  the  various 
elements,  i.e.,  inlet,  filter  plates,  manifold  plates,  etc.  This  work  is 
documented  in  Appendix  C. 

The  result  of  these  tests  indicated  that  no  defor¬ 
mation  during  bonding  occurred  and  that  the  addition  of  several  additional 
plates  of  existing  designs  would  provide  the  desired  pressure  drop. 

5. 1.2.3  Cold  Flow 

Units  SN  1  through  SN  9  of  the  1-CAS  design,  SN  4,  8, 
and  9  of  the  3-VDS  design,  and  SN  1,  4,  8  and  9  of  the  3-SPA  design  were 
flowed  to  examine  the  pressure  drop  and  spray  pattern.  The  injector  Kw  data 
are  provided  in  Tables  5-1 II,  5- I V  and  5-V,  and  Figures  5-9,  5-10  and  5-11. 

Figure  5-9  shows  the  sensitivity  of  Kw  to  small  dif¬ 
ferences  in  fabrication  tolerances  for  each  circuit.  The  1-CAS  fuel  circuit 
flow  area  and  Kw  were  found  to  be  more  repeatable.  The  fuel  circuit  utilizes 
the  plate  thickness  and  slot  width  to  provide  metering,  while  the  oxidizer 
circuit  utilizes  the  relative  diameters  of  the  vortex  cups. 

Figures  5-10  and  5-11  display  the  variation  of  Kw  with 
pressure  drop  for  each  of  the  two  design  circuits.  The  drop  in  Kw  at  the  low 
flowrates  (low  AP)  is  due  to  a  laminar  flow  condition.  The  3  data  points  of 
the  CAS- 1  SN  9  injector  assembled  into  the  first  valve  can  be  fit  by  the 
following  combined  laminar  and  turbulent  flow  equation: 

AP  =  KiuV  +  K2  Sg 

where: 

AP  =  pressure  drop  (psi,  fuel  circuit) 

ii  =  viscosity  (Cp) 

V  =  volumetric  flowrate  (cc/sec) 

Sg  =  specific  gravity 

K i , K 2  =  empirical  constants 
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TABLE  5- II_I 

SN  1  TO  9  COAXIAL  SWIRLER  COLD  TLOW  DATA 


Oxidizer 

Fuel 

_  _ _ 

SN 

.-,P 

psi 

0 

sec 

Q 

cc 

T 

°C 

1b/sec//p$i 

*1 

sec 

u 

cc 

T 

°C 

Q/fl 

/aP5>9 

lb/sec/ 2psi 

1 

500 

200 

70.4 

- 

0.0000347 

500 

200 

102.6 

71 .6 

0.0000505 

200 

70.8 

71.0 

0 . 0000349 

100 

300 

45.3 

- 

0.0000499 

700 

29.2 

20.0 

0.0000372 

25 

84 

9  4 

20  4 

0.0000493 

150 

10.0 

70  1 

0.0000294 

500 

200 

70.9 

0.0000349 

2 

500 

90 

63.5 

_ 

0.0000695 

>00 

70.0 

23.0 

0.0000345 

100 

200 

58.5 

- 

0.0000644 

POO 

?9 .  ? 

- 

0  00003216 

25 

60 

8.7 

- 

0.00006388 

120 

7.8 

0.00002863 

3 

500 

200 

64.0 

- 

0.0000315 

500 

180 

74.? 

19.0 

0 . 0000406 

200 

61  (1 

19.8 

0  0000310 

100 

700 

*6.7 

0.0000404 

700 

?6  0 

0  nono?86 

25 

106.6 

Q  CD 

18.6 

0.0000.397 

120 

6  6 

(1.0000242 

500 

200 

61.0 

- 

4 

500 

170 

66 . 0 

_ 

0.00006418 

700 

71.6 

?4  n 

0.000035? 

100 

700 

50.0 

0.00005507 

700 

10.  n 

0.00003304 

25 

60 

7  6 

0 . 0000658 

170 

7.9 

0  000029 

S 

500 

ibO 

Q'<  (1 

? 

0. 00006909 

200 

'  1  6 

M  . ? 

0  2"  10362? 

100 

700 

57.0 

0.00005837 

200 

31  0 

0.00003414 

25 

60 

8.1 

0.00005947 

120 

7.8 

- 

0.00007863 

6 

500 

180 

120 

2.3.0 

0.00006567 

.’00 

69.0 

73.6 

0.00003398 

100 

200 

69.5 

0.00006553 

200 

29.0 

- 

0  00003199 

25 

60 

8.5 

- 

0.00006741 

120 

7.6 

- 

0.0000279 

7 

500 

120 

60.0 

71  .0 

0.00004975 

200 

70  5 

21  .0 

0.0000347 

100 

200 

45.5 

- 

0.00005011 

200 

29.5 

- 

0.00003249 

25 

80 

8.2 

- 

0.000045154 

120 

7.0 

- 

0.00002570 

8 

500 

120 

78.0 

73.0 

0.0000640? 

200 

73.0 

- 

0.00003595 

100 

200 

57  0 

- 

0.00006278 

200 

37  5 

0.00003579 

25 

60 

8  8 

- 

0.0000646 

120 

8.16 

- 

0 . 00002992 

9 

500 

120 

68.7 

17.7 

0.0000560 

200 

71.7 

18.8 

0.0000351 

100 

200 

50.0 

16.9 

0.0000551 

65  5 

9.70 

- 

0.0000326 

25 

75 

9.69 

- 

0.06  10569 

141.2 

9. 37 

- 

0  0000292 

Water  Flow  for  Kw,  flow  Facility:  Trailer  (Filtration  -  1,  ea  Till  pore) 
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TABLE  5- IV 


Injector 

SN 


4 


8 


9 


"V"  DOUBLET  SWIRLER  INJECTOR  COLD  FLOW  DATA 


Ox  Circuit  Fuel  Ci 


w  , 

"  KWr 

W 

AP 

lb/sec  10  * 

10~5 

lb/sec  10 

25 

2.42 

4.85 

2.06 

100 

5.21 

5.21 

4.41 

500 

12.04 

5.39 

10.13 

500 

12.00 

5.37 

9.93 

25 

2.28 

4.58 

2.20 

100 

4.85 

4.85 

4.70 

500 

11.12 

4.98 

10.50 

500 

11.01 

4.93 

10.90 

25 

1.93 

3.86 

2.13 

100 

4.70 

4.04 

4.55 

500 

9.36 

4.19 

10.50 

500 

9.43 

4.22 

10.50 

Design  Ap  Ox  =  .00112 
Fu  =  .00068 


INJECTOR  KW-AREA  SENSITIVITY  1-CAS  DESIGN 
AP  =  500  PSIA  WATER 


AREA  10  IN.  FUEL  CIRCUIT  AREA  10 


5.1,  Engine  Design  and  Fabrication  (cont.) 


This  equation  indicates  that,  at  500  psi,  11%  of  the 
pressure  drop  is  associated  with  laminar  flow  and  89%  with  turbulence,  while 
at  25  psi,  40%  is  laminar  and  60%  turbulent. 

The  larger  unit-to-unit  differences  in  the  V-doublet 
ox  circuit  pressure  drop  are  due  to  this  design's  sensitivity  to  stacking 
alignment  since  both  the  inlet  and  discharge  ends  of  the  "V"  are  controlling 
The  superior  reproducibility  of  the  fuel  swirler  on  the  3-VDS  design  is  due 
to  the  larger  .008  in.  control  orifice  versus  the  .0055  diameter  for  the 
similar  ox  swirler  of  the  1 -CAS  design. 

The  three  3-VDS  design  injectors  that  were  considered 
to  have  the  best  alignment  were  cold-flowed  and  visually  inspected  for  pat¬ 
tern  uniformity.  The  swirler  fuel  circuits  were  found  to  be  symmetric, 
repeatable,  and  finely  atomized.  Visual  inspection  of  the  3  V-doublet  ele¬ 
ments  showed  that  the  3  oxidizer  streams  did  not  impinge  as  predicted,  with 
the  result  that  3  unatomized  oxidizer  streams  passed  completely  through  the 
fuel  vortex  cone.  Since  this  condition  is  predicted  to  result  in  poor  com¬ 
patibility  and  low  performance,  work  on  this  design  wa s  discontinued  at  this 
point  in  the  program. 


The  cold-flow  spray  and  pressure  drop  data  from  t ho 
3-SPA  designs,  shown  in  Table  5-V,  were  found  to  be  acceptable,  and  units  1 
and  9  were  selected  as  candidates  for  hot-fire  testing. 

5.1.3  Thrust  Chamber  Design  and  Fabrication 

5. 1.3.1  Design 

Thrust  chambers  were  designed  for  Phase  II  verifica¬ 
tion  testing  to  meet  the  following  test  requirements: 

1)  Aerodynamic  area  ratio  of  100:1  (geometric  area 
ratio  of  143:1)  to  allow  the  nozzle  to  flow  full 
at  chamber  pressures  as  low  as  ^50  psia 

2)  Chamber  lengths  which  permit  performance  and 
thermal  data  to  be  obtained  at  L’  =  1  and  2  in. 

3)  A  flanged  assembly  such  that  each  injector 
could  be  tested  at  the  two  chamber  lengths 

4)  A  chamber  wall  thickness  and  internal  contour 
which  conform  to  the  Phase  I  thermal  and 
performance  analyses. 
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5.1,  Engine  Design  and  Fabrication  (cont.) 


The  chambers  designed  to  meet  these  test  requirements 
are  shown  in  Figure  5-12.  The  steel  head  end,  which  is  brazed  to  the  injec¬ 
tor,  and  the  clamps,  which  hold  the  flanges  together,  are  shown  schematically 
in  Figure  5-13.  One  additional  chamber  was  fabricated  without  a  flange  to 
explore  the  potential  problems  of  an  all-welded  configuration. 

5. 1.3.2  Fabrication 

The  143:1  area  ratio  thrust  chambers  discussed  in  the 
previous  section  were  fabricated  from  C-103  columbium  bar  and  coated  with  on 
R  512-E,  silicide  diffusion  coating  by  Hitemco,  Inc.  A  photo  of  these  cham¬ 
bers  prior  to  coating  is  shown  in  Figure  5-14.  No  fabrication  problems  were 
encountered  in  the  chamber  machining,  brazing,  coating,  or  engine  assembly. 
Figure  5-15  shows  engine  assemblies  with  1"  and  2"  chamber  lengths. 

5.2  HOT-FIRE  TESTING 


5.2.1  Test  Objectives 


The  objective  of  this  test  activity  was  to  verify  (1) 
the  forecast  steady-state  and  pulsing  mode  performance,  (2)  dynamic  and 
response  characteristics,  and  (3)  thermal  characteristics  of  components  for  a 
0.5  lb  thrust  class  bipropellant  engine. 


5.2.2  Test  Specification  and  Goals 


The  program  goal  was  to  demonstrate  a  steady-state  spe¬ 
cific  impulse  of  280  sec  and  a  bit  impulse  capability  of  0.005  lb  sec  (  0.01 
sec  pulse)  for  which  the  pulse  performance  was  220  sec.  The  Phase  II  testing 
was  intended  to  verify  the  capabilities  of  the  anticipated  Phase  III  desiyr.s. 
Testing  was  conducted  over  the  following  range  of  conditions: 

Pc  40  -  125  psia 

Thrust  0.2  -  0.5  lb 

MR  1.65  (nom.  range  1.2  -  1.7) 

Prop.  Temp  20  -  120°F 

Figure  5-16  provides  a  comparison  of  the  design  goal  versus  actuals.  The 
propellants  employed  in  testing  were  Green  N2O4  (99.0  +  %  N2O4 » 

NO)  per  MIL-P-26539  and  MMH  (CH3N2H3,  98%  purity)  per  MIL-P-27404. 
Certification  of  all  propellants  was  provided. 


igure  5-13.  Phase  II  Flanged  Chamber  Configuration 


GE NE RAL  ENGINE  ASSEKUv  DESIGN  GOAL 


Nomina)  Vacuum  foil  Thrust  0.5  lbF 

Chamber  Pressure  TBD  psla 

Maximum  Feed  System  Pressure  400  psla 

Minimum  feed  System  Pressure  T8D  psla 

Expansion  Patio  TBD 

Nominal  Isp  (at  Full  Thrust) 

Steady-state  280  sec 

Pulsing  (10  ms  3  2?0  sec 

Nominal  Minimum  Impulse  01 t  0.005  lb-sec  ±  0.0005  tb-sec 

{at  Full  Thrust) 

Nuflfcer  of  Maximum  Thermal  Cycles  >1000 

Total  Number  of  Starts  >750,000 

Single  Burn  Duration  hr 

Total  Firing  Life  ^  ^r 

Valve  Response 

Signal  to  Full  Open  <  0.005  sec  (<5.0ms) 

Signal  to  Full  Close  <  0.005  sec  (<5.0  ms) 

Valve  leakage  <  2.3  scc/hr 

(GN^  9  AP  -  Max  Feed  Sycem*  Press) 

Propellants 

Oxidizer  Nitroqen  Tetroxide  (MON-1)  (99T  N204-0.P''  NO) 

Fuel  Honomethy)hytirdline  {HZHjCHj) 


<  0.005  sec  (<  5.0  ms) 

<  0.005  sec  (<  5.0  ms) 

<  2.3  scc/hr 


ACTUAL  test  range 

0.17  to  0.49 
40  to  )25 
420 

108  (Not  lower  Limit) 

100:1  Aerodynamic 

275 

180  (Cold  Engine) 

0.002  ±  5T  1  Sigma 

Not  Evaluated 

1.000,000  Valve  Only  Bench  Test 
260  ser  at  .38  1b  Thrust 


<  .003  sec  Open 
*  .001  sec  Close 

<  2.3  SCC/hr 


Mixture  Ratio 

Propellant  Inlet  Temperature  Ranqe 
Storaqe  l 1 fe 

fliqhtweight  Assefifcly  Reliability 
fllghtwelqht  Assembly  Maintainability 

Fliqhtweight  Assembiy  Weight 


1.64,  nomi nal  at  70°  F 
20  1?0°F 
10  Vr 
0.999 

Zero  Maintenance  Over 
Storage  t  f fe 


Mon  1  »  Hon  1ft 

V3  cm» 

l.?to  1.7 
10  to  1?'. 

Not  Evaluated 
Not  Evaluated 
No*  Evaluated 


Figure  5-16.  Comparison  of  Goals  and  Phase  II  Accomplishments 
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5.2,  Hot-Fire  Testing  (cont.) 


5.2.3  Test  Hardware 

The  hardware  employed  in  Phase  II 
i nc 1 uded  the  foil owi ng : 

PHASE  II  HARDWARE  SUMMARY 
Pa  rt 


Designation 

Material 

Flanged  Sleeve  (3SPA) 

PC-766-001 

CRES  304L 

Flanged  Sleeve  (3VDS) 

PC-766-002 

CRES  30^L 

Flanged  Sleeve  (1CAS) 

PC-766-003 

CRES  304L 

Flanged  Chamber 
r  =  143:1  L*  =2" 

PC-766-004-2 

C-103 

Flanged  Chamber 
t  =  143:1  L'  =  1" 

PC-766-004-1 

C-103 

Chamber  Weld  Blank 
>  =  143:1 

PC-766-004-3 

C-103 

Flange  Clamp 

PC- 766-005 

CRES  304 

Pressure  Seal 

PC-766-006 

CRES  304 

Pressure  Port 

PC-766-007 

CRES  304 

Injector  3SPA  3  Ele¬ 
ment  Splashplate 

PC- 766-008 

CRES  347 

Injector  3VDS  3  Ele¬ 
ment  V-Doublet  Swirler 

PC-766-009 

CRES  347 

Injector  1-CAS  1  Ele¬ 
ment  Coaxial  Swirler 

PC-766-010 

CRES  347 
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hot-fire  testing 

Quantity 

Built 

1 

1 

1 

2 

1 

1 

2 

3 

5 

9 

9 

10 


5.2,  Hot-Fire  Testing  (cont.) 


Part  Quantity 

Designation  Material  Built 

Valve  Simulator  (Injec-  PC-766-011  Aluminum  1 

tor  col d  flow) 

Purchased  Items 

4-40  Capscrews  A286  12 

Seal,  Spring  Energized  24 

Tefl on  FI urocarbon 
PN  A02828 

Seal,  Metal  C  Ring  Pres-  24 

sure.  Science  Corp. 

PN  612  RS-0004-2 

Valve,  Torque  Motor  2 

R i propel  1  ant,  Moog 
PN  A24462,  Model 
S2F112 


5.2.4  Test  Facility 

Development  of  the  0.5  lb  thrust  engine  required  an 
extensive  altitude  test  program  consisting  of  pulses  and  steady-state  burns. 
Consequently,  accurate  thrust  stand  and  propellant  metering  systems  were 
required  to  provide  total  impulse  and  specific  impulse  data.  Extensive  test 
experience  from  specially  developed  test  systems  had  been  obtained  at  AI.RC 
with  100  and  5  lbF  pulse  engines.  Based  on  this,  a  pulse  engine  test  stand 
and  a  propellant  delivery  system  for  use  with  the  0.5  lb  thrust  bipropellant 
engine  was  developed  at  ALRC  with  company  funding.  It  included  component 
temperature  control  and  propellant  temperature  conditioning  and  was  designed 
to  operate  at  vacuum. 

A  number  of  thrust  Leasurement  techniques  were  con¬ 
sidered,  such  as  impulse  measuring  pendulum  stands,  conventional  force 
measurement  stands  with  strain  gage  load  cells,  and  conventional  stands  with 
crystal  load  cells.  Pendulum-type  stands  were  eliminated  since  they  provide 
no  direct  measurement  of  pulsed  thrust  versus  time  and  are  not  suited  for 
impulse  or  thrust  measurements  of  continuous  firings.  Strain  gage  load 
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5.2,  Hot-Fire  Testing  (cont.) 


cells  of  special  design  had  been  successfully  used  in  similar  applications 
(e.g.,  5  lb  thruster.  Contract  F04611— 73-C-0061 )  and  the  resulting  stand 
natural  frequency  (500  to  800  Hz)  was  near  the  desired  value  for  good  pulse 
and  transient  measurements.  However,  stands  of  this  type  have  very  small 
load  cell  deflections  and  as  a  result  the  systems  are  very  sensitive  to  small 
changes  in  temperature.  These  temperature  effects  can  become  very  signifi¬ 
cant  in  long  duration  firings,  making  the  stand  unsuitable  for  accurate 
steady  thrust  measuranents  for  durations  over  a  few  seconds. 

The  selected  thrust  measuring  system  employs  a  dual 
thrust  measurement  with  separate  instrumentation  for  steady-state  thrust 
measurement  and  for  pulse  and  transient  measurement.  The  basic  compon¬ 
ents  of  the  selected  system  are  a  high  frequency  section  with  a  thruster 
mounting  plate,  a  low  frequency  section,  and  a  load  cell  calibrator.  The  dual 
thrust  concept  had  been  developed  for  the  Small  Impulse  Bit  ACS  Engine  (Con¬ 
tract  F0461 1-76-C-0018)  and  was  being  refined  under  Contract  F04611-77-C- 
0019,  Design  and  Fabrication  of  a  Thrust  Measuring  System  for  a  100  lb  Thrust 
Attitude  Control  System. 

°  THRUST  MEASUREMENT 

The  thrust  stand  shown  in  Figure  5-17  consists  of  1) 
a  dynamic  section  to  measure  thrust  for  durations  of  zero  to  2  sec  and  2)  a 
critically  damped  steady-state  section  for  measuring  thrust  for  durations  of 
0.5  sec  and  longer.  The  dynamic  cell  has  very  high  frequency  response,  but, 
being  a  crystal  device,  is  subject  to  exponential  signal  decay  when  measuring 
a  constant  force. 

The  steady-state  cell  gives  accurate  readings  of 
relatively  slowly  changing  forces.  However,  its  lack  of  stiffness  (0.01  in. 
full-scale  deflection)  prevents  it  from  having  high  frequency  response.  The 
relatively  large  deflection  of  the  steady-state  measurement  system  reduces 
the  error  potential  due  to  small  temperature  changes. 

The  engine  assembly  is  attached  to  a  temperature- 
conditioned  mounting  plate  which,  in  turn,  is  mounted  to  the  dynamic  load 
cell.  The  dynamic  load  cell,  a  BLH  Model  LPB-1  with  a  dynamic  range  of  +  1 
IbF,  is  temperature-conditioned  by  the  shroud  that  surrounds  it. 

A  seismic  mass  isolates  the  dynamic  section  from  the 
steady-state  force  system,  limiting  the  rate  at  which  load  is  applied  to  the 
steady-state  load  cell  and  the  acceleration  of  the  dynamic  system.  The  seis¬ 
mic  mass,  in  conjunction  with  a  fluid  damper,  provides  steady  force  readings 


5.2,  Hot-Fire  Testing  (cont.) 


in  Ml.  5  sec.  This  assembly  is  mounted  on  leaf  flexures.  The  stiffness  of 
these  flexures  balances  the  destabil izi ng  force  due  to  the  deflected  mass  of 
the  stand,  thereby  maintaining  the  test  bed  in  a  neutral,  vertical  position. 

Figure  5-18  is  a  schematic  drawing  showing  the  load 
paths  in  the  system.  For  thrust  measurement,  the  engine  forces  are  applied 
through  the  dynamic  load  cell  to  the  seismic  mass  and  into  the  measuring  load 
cell  to  ground.  For  calibration  of  both  load  cells,  an  external  force  is 
applied  through  a  calibrator  load  cell.  This  cell  is  connected  to  the  engine 
side  of  the  crystal  load  cell  by  means  of  a  calibrator  pull  rod  which  engages 
the  engine  mounting  plate  as  the  calibrator  load  cell  rotates  on  a  flexure 
mount  during  loading.  This  calibrator  system  is  used  to  measure  the  unavoid¬ 
able  restraints  of  the  flexures  supporting  the  seismic  mass,  instrumentation 
1 ines,  and  plumbing. 

The  steady-state  thrust  stand  measurements  shown  in 
Figure  5-19  indicated  good  repeatabil ity  and  constant  stand  bias.*  The 
thrust  stand  calibration  is  routinely  rechecked  prior  to  and  after  testing. 
During  long  coasts,  a  computer-controlled  automatic  thrust  calibration  pro¬ 
gram  is  used. 

The  single  washer  style  load  cell  was  used  because 
of  the  low  engine  mass  and  to  reduce  the  overall  complexity  of  the  system. 
However,  the  resulting  structure  had  a  300  Hz  natural  frequency  in  the  trans¬ 
verse  bending  mode  when  the  relatively  large,  overhung  mass  of  the  columbium 
throat/exit  assembly  was  in  place. 

The  axial  natural  frequency  was  800  to  1200  Hz. 

Some  coupling  between  the  axial  force  and  the  transverse  mode  (or  some  amount 
of  non-axial  force)  excited  the  300  Hz  transverse  mode  during  force  tran¬ 
sients,  producing  a  ring  which  persisted  for  relatively  long  times.  However, 
through  a  combination  of  electrical  filtering  and  choice  of  proper  integra¬ 
tion  period,  accurate  measurements  of  pulse  impulse  were  achieved  even  in  the 
presence  of  the  ringing. 

°  PROPELLANT  MEASURING  SYSTEM 

Propellant  flowrates  for  a  0.5  lbF  engine  are  in  the 
range  of  0.001  1 bm  per  second.  Since  covering  the  wide  range  of  total  pro¬ 
pellant  delivery  (0.010  sec  pulse  to  steady-state)  with  a  single  measuring 


*Bias 


Applied  Force 
Measured  Force 
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APPLIED/  MEASURED 


11  REPEAT  CALIBRATIONS 


Figure  5-19.  Dual-Tuned  Thrust  Measurement  System  Calibration  Test 
Results 
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5.2,  Hot-Tire  Testing  (cont.) 


device  would  have  been  impractical,  three  flow  measuring  systems  were  incor¬ 
porated.  Paddle  wheel  flow  meters  were  used  for  long  duration  tests,  large 
positive  displacement  (piston)  flow  meters  (PPFM)  were  used  for  intermediate 
durations,  and  specially  developed  gas  displacement  meters  (inicro-PDFM)  were 
used  for  durations  under  one  second.  The  general  arrangement  of  the  three 
different  flow  measuring  systems  used  for  both  fuel  and  oxidizer  is  shown  in 
F igure  5-20. 


During  pulsing  and  short  duration  tests,  the  line 
volumes  were  large  relative  to  the  small  amount  of  propellant  delivered.  As 
a  result,  the  feed  system  temperature  needed  to  be  accurately  controlled 
since  even  small  temperature  changes  introduce  large  errors  caused  by  pro¬ 
pellant  volume  changes.  Therefore,  all  critical  propellant  system  components 
and  lines  were  either  jacleted  and  conditioned  with  temperature-controlled 
fluid  or  mounted  in  t emper at ure-cont rol 1 ed  enclosures.  Removal  of  all  non- 
condensible  gases  from  the  micro-POTM  propellant  feed  system  was  essential 
for  accurate  pulse  propellant  delivery  measurements. 

The  riow  Technology  paddle  wheel  flow  meters  uti¬ 
lized  were  a  variation  of  the  turb'ne  meter  used  routinely  in  rocket  flow 
measurements,  with  mod  if  icot  ions  to  permit  operation  in  the  .01)1  lbm/sec  flow 
range.  The  relatively  slow  response  of  these  meters  limited  them  to  steady- 
state  flow  measurements.  They  were  calibrated  against  tire  large  PHFM  in  each 
test  where  the  2  systems  were  run  in  series. 

For  intermediate  total  durations  (in  the  10  to  200 
second  range),  either  pulse  or  continuous  positive  displacement  flow  meters 
(PDFM)  were  used.  Measurement  of  the  displacement  of  a  precision 
[liston/cylinder  assembly  provided  accurate  propellant  volume  delivery  data. 
The  PDFM's  used  have  a  volume  of  about  0.025  gal,  providing  a  maximum  run 
capability  of  about  200  sec  at  full  thrust.  They  have  a  13u  qal  resolution 
when  measured  with  a  linear  potent i oineter.  Because  they  provide  the  integral 
of  flowrate,  or  total  propellant,  delivered,  they  are  ideal  for  providing  flow 
data  for  total  impulse  measurements  in  pulsed  mode  operation. 

The  measurement  of  pulsed  and  short  duration  propel¬ 
lant  flows  was  recognized  to  be  a  serious  problem  in  characterizi ng  low 
thrust  engines.  For  example,  fuel  delivery  for  one  10  ms  pulse  is  about  5 
microliters  in  volume.  The  frictional  resistance  of  a  small  diameter  sliding 
piston  measurement  system  was  calculated  to  be  excessive  and  would  result  in 
a  significant  drop  in  line  pressure  each  time  the  valve  is  opened. 


< 
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TEMPERATURE  CONDITIONED 


Figure  5-20.  Multiple  Mode  Propellant  Delivery  System 


5.2,  Hot-Fire  Testing  (cont.) 


It  became  apparent  that  a  minimum  contact  gas  pres¬ 
surization  system  using  optical  measuranent  techniques  for  fluid  level 
measurement  might  be  suitable  for  this  application.  Reticon,  a  subsidiary  of 
EGSG,  makes  such  optical  devices.  Their  product  consists  of  accurate  arrays 
of  photo  diodes  spaced  as  close  as  16  microns  and  up  to  an  inch  in  lenyth, 
along  with  the  electronics  necessary  to  operate  the  device.  Two  special 
units  were  built  by  Reticon  for  Aerojet's  application.  These  had  1728  diodes 
each,  spaced  16  microns  apart  over  a  length  of  about  one  inch.  This  assembly 
is  displayed  in  Figure  5-21. 

These  devices,  with  their  associated  electronics, 
provided  both  analog  and  digital  measurement  of  the  number  of  light  or  dark 
diodes  in  the  array.  The  total  diode  array  was  scanned  electronical ly  1000 
times  per  second,  providing  the  capability  of  one  millisecond  time  resolu¬ 
tion. 


The  diode  array  was  used  to  measure  the  propellant 
level  in  a  glass  capillary  precision  bore  tube.  Ihe  tube  bore  was  chosen  to 
give  a  continuous  test  duration  of  about  one  second  (equivalent  to  100  pulses 
of  10  ms  duration  each).  This  results  in  about  an  18  diode  level  change  per 
pulse,  or  a  minimum  resolution  of  about  5t  of  one  10  ms  pulse.  Considering 
the  maximum  scan  rate  available  (10  scans  per  10  ms  pulse),  this  is  a  reason¬ 
able  choice. 


A  critical  feature  of  the  micro-POTM  design  is  the 
optical  arrangement  of  the  propellant  level  tube  and  optical  sensor  array. 

The  fluid  level  in  the  tube  cannot  be  used  to  attenuate  the  light  reaching 
the  diodes  for  a  clear  liquid  topped  with  a  clear  vapor  space.  To  make  the 
level  system  practical,  the  propellant  and  tube  operate  as  a  lens  system 
which  focuses  parallel  light  on  the  diode  array;  the  focal  point  of  the  empty 
tube  is  not  on  the  array.  This  effect  provides  a  strong  light  level  differ¬ 
ence  at  the  array  in  correspondence  to  presence  or  absence  of  fluid.  This, 
plus  the  digital  nature  of  the  optical  sensor,  also  makes  the  system  highly 
immune  to  errors  caused  by  any  small  droplets  on  the  tube  above  the  liquid 
level;  since  the  light  reaching  the  diode  at  any  level  is  focused  from  the 
whole  diameter  of  the  tube,  one  or  a  few  opaque  drops  do  not  block  sufficient 
light  to  give  a  false  reading. 

Table  5-VI  summarizes  the  multiple  mode  propellant 

delivery  characteristics. 
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Figure  5-21.  Micro  PDFM  Electro-Optical  Flow  Measurement 


TABLE  5- V I 


MULTIPLE  MODE  PROPELLANT  SYSTEM  CHARACTERISTICS 

°  Run  Tank  Capacity  1.50  Gallons 
POEM 

°  Capacity:  0.025  gallon 

°  Resolution:  13  microgallon 

°  Accuracy:  +  1/2% 

0  Micro  PDFM 

°  Capacity:  105  microgallon 

°  Resolution:  0.05  microgallon 

°  Accuracy:  +  1% 

°  Turbine  Flowmeters 

°  Flow  Range:  60  microgallon  to  0.04  gallon/sec 

°  Accuracy:  _+  0.5% 
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5.2,  Hot-Fire  Testing  (cont.) 


5.2.5  Measurement  and  Data  Processing 

Table  5- VI I  documents  the  measurements  and  instrumenta¬ 
tion  nomenclature  employed  throughout  Phase  II  of  the  test  program.  Figure 
5-22  shows  the  location  of  the  thermal  instrumentation  on  the  test  engines. 
Steady-state  performance  is  calculated  from  the  bias-corrected,  time-averaged 
thrust  and  from  the  total  propellant  consumed  during  the  data  time  summary 
period,  as  indicated  by  the  PDFM's. 


Typical  computer  analysis  of  the  pulse  data  is  shown  in 
Table  5-VIII.  Columns  1  and  2  designate  the  pulse  numbers  in  the  sequence. 
Column  3  (EPW)  indicates  the  duration  the  28  volt  power  was  applied  to  the 
valve.  The  Bit  Impulse  (BI,  column  4)  is  measured  by: 


81 


FS2  +  .025 
Fddt 


where  the  dynamic  thrust  (F^)  is  sampled  11,000  times  per  second.  The 
coast  impulse  (Column  5)  data  shown  is  defined  as  follows: 


Cl 


r  FS2  +  .050 
=  /  F,J 

J  FS2  +  .025  a 


All  times  are  in  seconds.  Additional  diagnostic  data  on  the  dynamic  load 
cell  measure  return  to  zero  following  each  pulse  (F  post). 


F  post  =  F  avg  (FS2  +  .050  to  FS2  +  .065)  -  F  avg  (FS1  -  .005  to  FS1) 


Columns  designated  Ox  Coast  and  Fu  Coast  indicate  changes  in  the  micro-PDFM 
levels  in  micro  lbs  ( 1 0”® )  of  propellant  when  the  engine  is  not  firing. 

These  level  changes  indicate  engine  or  facility  valve  leakage,  propellant 
volume  changes  due  to  line  pressure  or  temperature  drifts,  or  other  malfunc¬ 
tions  of  the  propellant  supply  and  measurement  system.  Large  changes  in  this 
measurement  following  pulses  20  and  25  reflect  the  micro-PDFM  refills.  Each 
series  of  pulses  is  examined  for  flow  changes  between  pulses  and  the  actual 
propellant  consumption  during  the  firing  (WOT  and  WFT).  Invalid  flow 
readings  are  corrected,  where  possible,  or  the  data  for  the  pulse  are 
rejected. 


Columns  13,  14,  and  15,  BC  LIN,  OC  LIN,  and  FC  LIN, 
indicate  the  impulse  and  flow  linearity  obtained  by  dividing  the  impulse.  Ox 
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TABU  b-VIl 


PHASE  II  INSTRUMENTATION 


Parameter 

Units 

Symbol 

Time  of  Day 

Hr  Mi  n 

-- 

Val ve  Voltage 

Volts 

EP 

Ox  Paddle  Wheel  Flow 

1  h/ sec 

qOFM 

fuel  Paddle  Wheel  Flow 

1 b/ sec 

QF !  M 

Large  PDFM  Ox 

lb 

LoPDFM 

Large  PDPM  fuel 

lb 

LFPDf  M 

Val ve  Power 

Ambs 

IP 

Vacuum  Cel  1  Press. 

psia 

l'VAC-1 

Ox  l i ue  Press . 

i'S  i  a 

Po| 

Fuel  Li ne  Press. 

ps  ia 

IMF 

Ox  Line  Press.  High  frog. 

psia 

Pol  H 

Fuel  line  Press.  High 

psia 

Pfl  H 

f  reg. 

Chamber  Pressure 

ps  ia 

Pc 

Steady-State  Thrust 

lb 

1  St  a? 

Cal  ibrat  ion  Load  (  el  1 

lb 

T  cal 

Dynamic  Force  Meas. 

lb 

1  dyn 

Ox  Line  Temp. 

°r 

Tol. 

Fuel  Line  Temp. 

°F 

FfL 

Oxidizer  Temp,  at  Valve 

°r 

ToV  1 

Fuel  Temp,  at  Valve 

°F 

IF  V 1 

Valve  Body  Temp. 

°r 

TVB 

Valve  Cover  Temp. 

1  VC 

Flange  or  Transition  Joint 

°F 

T  fig  or  T  Weld 

Temp. 

Throat  Temp. 

"F 

TF 

Pressure  Port  Temp. 

°r 

IPc 

Leg  Temp. 

°r 

1L 

Steel  Temp. 

T 

IS 

Cel  1  Temp. 

°F 

T  Amb 
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TF  90,  180 


Thermal  Instrumentation,  Flanged  Engine  Assembly 


TYPICAL  PULSE  PERFORMANCE  DATA  COMPUTER  OUTPUT 
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5.2,  Hot-Fire  Testing  (cont.) 


Flow  and  Fuel  Flow,  by  the  EPW.  The  last  column  indicates  the  time  of  the 
pulse  as  measured  from  the  start  of  the  sequence.  Major  downtimes  correspond 
to  micro-PDFM  refills. 

Columns  9  and  12  provide  the  pulse  specific  impulse  and 
mixture  ratio  based  on  the  propellant  consumption  per  pulse. 

5.2.6  Phase  II  Test  Program 

Phase  II  testing  was  conducted  in  two  blocks.  Block  I 
involved  comparative  testing  of  the  two  candidate  injector  and  L'  sections. 
Block  II  testing  demonstrated  steady-state  and  pulse  mode  performance  and  the 
effects  of  high  MON  content  oxidizer  on  the  selected  configuration.  All 
Phase  II  testing  was  performed  at  simulated  altitudes  in  the  facility  pre¬ 
viously  described.  This  section  will  address  the  test  program.  Subsequent 
sections  will  present  the  test  results. 

The  logic  chart.  Figure  5-23,  summarizes  the  testing 
events  and  resulting  design  modification  and  selection  activities  which 
occurred  during  Phase  II.  Valve  bench-testing  had  been  discussed  in  Section 
5. 1.1.2  of  this  report.  The  V-Ooublet  Swirler  (VDS)  was  eliminated  during 
cold  flow  testing  due  to  its  poor  atomization  qualities,  thereby  leaving  the 
Coaxial  Swirler  (CAS)  and  the  3-element  splash  plates  (3-SPA)  for  demonstra¬ 
tion  testing  during  Phase  II.  Flanged  combustion  chambers  of  both  1  and  2 
in.  L'  sections  and  welded  chambers  of  2  in.  L'  were  tested.  Testing  pro¬ 
ceeded  with  the  following  goals: 

0  Verify  predicted  steady-state  and  pulse  mode 
performance 

°  Test  at  vacuum  with  143:1  geometric  nozzle  (100:1 
aerodynamic) 

0  Evaluate  chamber  L'  of  1.0  to  2.0  in. 

°  Identify  deficiencies  in  CONTAM  predictions  and 
modify  Inputs. 

°  Investigate  low  temperature  and  pressure  ignition 
delay  with  MON-1  and  with  M0N-10  oxidizer 

Table  5-IX  identifies  the  injectors  tested  and  summar¬ 
izes  the  operating  characteristics  evidenced  by  the  Phase  II  test  program. 
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5.2,  Hot-Fire  Testing  (cont.) 


Table  5-X  defines  the  pulse  train  of  2  standard  duty 
cycles  used  in  the  screening  tests.  Steady-state  operations  during  this 
phase  were  limited  to  200-300  sec  burns,  based  on  the  propellant  capacity 
limitations  of  the  large  PDFM,  and  the  engine  temperature  limits  selected  to 
preclude  hardware  damage. 

°  Block  1  Testing 

Phase  II,  Block  I  testing  was  initiated  with  the  SN 
9  CAS  injector.  A  total  of  30  tests  (#101-130)  were  performed,  including 
1900  starts  and  a  maximum  single  burn  of  30  sec.  Test  durations  were  limited 
by  high  temperatures  at  the  hot  gas  seal  in  the  chamber  flange.  This  test 
data  is  summarized  in  Table  5 - X I .  The  first  10  tests  were  facility  checkout 
tests.  Extensive  modifications  to  the  micro-PDrM  were  made  between  Tests  10/ 
and  108. 


Hie  second  series  of  Block  1  tests  evaluated  a  3- spa 
injector  for  18  tests  (#201-218)  that  included  1188  starts  with  a  maximum 
single  burn  of  259  seconds  at  reduced  Pc.  Tost  durations  at  full  Pc  were 
limited  by  head  end  temperatures.  This  data  is  summarized  in  Table  5 -X I  I . 

°  Block  II  Testing 

Data  review  of  the  Block  I  test  series  resulted  in 
the  CAS-type  injector  being  selected  as  the  baseline.  A  welded  assembly  was 
tested  with  the  SN  9  CAS  injector  to  determine  if  the  duration  limitations 
imposed  by  the  hot  gas  seal  temperature  could  be  overcome  through  elimination 
of  the  flange  and  to  obtain  comparative  performance  and  thermal  data 
resulting  from  the  change. 

These  tests  (#301  to  309)  are  summarized  in  lable 
5-XIII.  The  welded  configuration  demonstrated  the  same  performance  charac¬ 
teristics  and  thermal  limitations  as  the  flanged  configuration.  The  bimetal¬ 
lic  transition  joint  performed  well;  however,  the  temperatures  were  consider¬ 
ably  higher  than  the  Phase  I  predictions. 

A  second  CAS  injector,  SN  10A,  was  assembled 
(flanged)  in  a  manner  to  correct  the  mismatched  (0/F)  AT  indicated  in  the 
cold-  and  hot-fire  tests  of  SN  9.  Tests  #3 10-322,  summarized  in  Table 
5-X 1 II,  document  the  results  of  these  tests.  Correcting  the  injector  pres¬ 
sure  drop  unbalance  had  little  effect  on  performance  and  aggravated  the  hot 
head  end  condition.  The  total  Block  II  testing  of  SN  9  and  ) 0A  injectors 
included  2?  tests  with  252  starts. 
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TABLE  5-X 


PULSE  DUTY  CYCLE  DEFINITION 


A  DUTY  CYCLE  *  10  PULSES  OF  0.010  SEC  EPW  AT  1  PER  SEC 

10  PULSES  OF  0.030  SEC  EPW  AT  1  PER  SEC 

10  PULSES  OF  0.100  SEC  EPW  AT  1  PER  SEC.  OR  O.ORO  AT  1  PER  SEC 

B  DUTY  CYCLE  ■  30  PULSES  OF  0.005  SEC  AT  4  PER  MIN 

20  PULSES  OF  0.010  SEC  AT  4  PER  MIN 

10  PULSES  OF  0.030  SEC  AT  4  PER  MIN 

10  PULSES  OF  0.080  SEC  AT  4  PER  MIN 

50  PULSES  OF  0.005  SEC  AT  1  PER  SEC 

50  PULSES  OF  0.010  SEC  AT  1  PER  SEC 

20  PULSES  OF  0.030  SEC  AT  1  PER  SEC 

10  PULSES  OF  0.080  SEC  AT  1  PER  SEC 

50  PULSES  OF  0.005  SEC  AT  1.718  PER  SEC 

50  PULSES  OF  0.010  SEC  AT  1.705  PER  SEC 

20  PULSES  OF  0.030  SEC  AT  1.647  PER  SEC 

10  PULSES  OF  0.080  SEC  AT  1.522  PER  SEC 


330  TOTAI 


TABLE  5- XI 

PHASE  II  BLOCK  I  TESTING,  I -CAS  SN  9  INJECTOR,  FLANGED  CHAMBER 


PHASE  II  BLOCK  II  TESTING,  1 -CAS  INJECTOR,  SN  9  WELDED  CHAMBER 
AND  SN  10A  FLANGED  CHAMBER 


5.2,  Hot-Fire  Testing  (cont.) 


°  MON-X  Testing 

All  Phase  II  testing  to  this  point  had  been  con¬ 
ducted  with  NTO/MMH.  The  scheduled  Block  II  program  was  then  completed  with 
a  high  MON  oxidizer  and  CAS  injector  SN  10A. 

A  nominal  M0N-10  blend  was  formulated  by  dissolving 
a  known  pressurized  volume  of  NO  into  a  known  weight  of  N2G4.  Because  of 
the  high  vapor  pressure  of  this  blend,  the  tank  was  maintained  in  a  locked-up 
condition  at  all  times  except  when  transferring  the  blend  from  the  storage 
tank.  Because  lowering  the  pressure  or  venting  allows  NO  to  come  out  of  solu¬ 
tion,  a  sample  for  analysis  was  not  extracted  until  after  the  completion  of 
Test  330,  the  final  test  in  the  M0N-10  series. 

The  micro-PDFM  measurement  system  could  not  be 
employed  for  the  M0N-10  pulse  testing  as  the  large  gas  volume  above  the 
liquid  level  indicator  would  result  in  the  depletion  of  the  dissolved  NO 
during  the  propellant  transfer  operation.  Large  piston-drive  flowmeter  tanks 
were  employed  for  all  tests  in  this  series. 

The  results  of  the  MON-X  testing  are  summarized  in 
Table  5-XIV.  This  series  included  8  tests  with  128  starts  and  a  maximum  dur¬ 
ation  of  30  seconds.  The  last  test  with  MON-X  oxidizer.  Test  330,  experi¬ 
enced  a  number  of  flame-outs  and  relights  during  the  course  of  the  30  sec 
burn.  Analysis  of  flowrates,  line  and  chamber  pressure  measurements  revealed 
that  these  flame-outs  resulted  from  "bubbles"  in  the  oxidizer  feed  line,  with 
the  data  indicating  increasing  "hardness"  after  each  relight.  The 
composition  of  the  gas  in  the  line  was  not  determined;  however,  air,  nitrogen 
and  NO  were  possible  candidates,  based  on  propellant  loading  techniques  and 
the  temperature  cycling  which  occurred  prior  to  the  tests. 

0  Additional  Phase  II  Testing 

Higher  than  desired  front  end  temperatures  resulting 
from  the  SN  10A  CAS  tests  led  to  a  modification  of  the  fuel  cone  angle  of  the 
swirler  cup  to  provide  more  fuel  film  cooling  closer  to  the  front  end.  This 
design  change  is  further  discussed  in  Section  6.1  following.  A  total  of  9 
tests  with  39  starts  and  a  maximum  single  burn  of  334  seconds  were  performed. 
The  test  conf iguration  consisted  of  a  flanged  chamber  and  utilized  N2O4 
oxidizer.  This  injector,  initially  designated  SN  10A-M,  was  later  referred 
to  as  SN  10B.  The  test  results,  summarized  in  Table  5-XV,  indicated  reduced 
head  end  temperatures,  with  no  loss  in  performance. 


PHASE  II  TESTING  WITH  MON  TO  OXIDIZER 


ADDITIONAL  PHASE  II  TESTING  WITH  MODIFIED  1-CAS  INJECTOR 


5-0,  Phase  II  -  Design,  Fabrication  and  Verification  Testing  (cont.) 


5.3  DATA  EVALUATION 

This  section  presents  the  performance  data  (steady-state,  pulse 
and  MON-X)  of  the  injectors  and  L1  sections  tested  during  Phase  II. 

5.3.1  Steady-State  Performance 

Figure  5-24  displays  steady-state  thrust  versus  chamber 
pressure.  These  data  reveal  the  linearity  to  be  anticipated  from  internally 
consistent  measuranents  and  the  expected  instrument/facil ity  accuracies. 

5.3. 1.1  3-SPA  Testing 

Test  results  of  the  3-element  Splash  Plate  Injector, 
using  1"  and  2"  L1  sections,  are  displayed  in  Figures  5-25  and  5-26.  These 
data  clearly  indicate  an  increase  in  performance  of  MO  sec  of  specific 
impulse  as  the  L‘  increases  from  1"  to  2".  A  significant  decrease  in  per¬ 
formance  is  noted  as  chamber  pressure  decreases  below  50  psia.  This  is  due 
to  reduced  combustion  efficiency  and  the  increasing  importance  of  chamber 
heat  losses  at  lower  pressures.  As  a  result  of  these  tests,  use  of  the  1"  L' 
section  was  discontinued  and  all  subsequent  Phase  II  and  III  tests  were  con¬ 
ducted  with  2"  L'  sections. 

5.3. 1.2  CAS  Testing 

Coaxial  swirl er  injector  (CAS)  testing  was  performed 
in  the  flanged  and  welded  conf iguration  (SN  9)  and,  subsequently,  on  2  modifi 
cations  (SN  10A  and  SN  10R),  both  in  the  flanged  conf iguration.  A  further 
injector  modification  (SN  IOC)  was  tested  at  the  onset  of  Phase  III;  results 
are  covered  in  Section  6  of  this  report.  The  steady-state  test  results  of 
the  Phase  II  testing  are  presesnted  in  Figure  5-27.  It  should  be  noted  that 
both  the  SPA  injector  and  CAS  injectors  (2  modifications)  provide  the  same 
performance  at  full  Pc.  The  CAS  injectors  exhibited  the  same  performance 
drop-off  (-M30  sec)  at  the  40  psia  Pc  level  as  did  the  SPA  unit. 

A  direct  comparison  of  the  SPA/CAS  injector  perform¬ 
ance  at  1"  and  2"  L'  is  shown  in  Figure  5-28.  The  estimated  performance  loss 
due  to  heat  transfer  to  the  chamber  wall  is  noted  to  be  significant  at  low 
thrust . 


As  displayed  in  Figure  5-29,  the  nozzle  Cf  data  for 
both  CAS  and  SPA  injectors  are  consistent.  The  performance  loss  due  to  rosi- 
dual  combustion  in  the  nozzle  is  evident  in  the  Cf  data,  plotted  on  the 
same  figure  for  the  1"  L'  section. 


HOT  WALL 
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igure  5-25.  Steady-State  Performance,  3-SPA  Injector  with  1"  L1  Chamber 


Figure  5-28.  Phase  II  Injectors,  Performance  Comparison 


5.3,  Data  Evaluation  (cont.) 


5. 3. 1.3  BLIMP  Predictions 

A  plot  of  the  Phase  I,  BLIMP  Model  predictions  versus 
test-derived  nozzle  thrust  coefficient  (Cf)  data  is  displayed  in  Figure 
5-30.  The  BLIMP  predictions  of  nozzle  efficiency  fall  above  the  bulk  of  the 
test  data  points.  Review  of  the  Phase  II  and  subsequent  Phase  III  experi¬ 
mental  data  indicates  a  nCf  (vacuum)  of  90%;  this  is  2%  below  the  BLIMP 
prediction.  The  same  test  data  are  in  good  agreement  with  the  ALRC  simpli¬ 
fied  TBL-chart  predictions  which  were  previously  proven  accurate  at  the  2  to 
5  lb  thrust  level. 


The  exact  reasons  for  the  2%  difference  in  BLIMP  pre¬ 
dictions  are  not  known;  however,  they  could  be  a  combination  of  the 
followi ng: 


1)  Chamber  wall  roughness  resulting  from  the 
coati ng. 

2)  Improper  definition  of  heat  losses. 

3)  Effective  nozzle  area  ratio  is  different  from  the 
predicted  100:1  value. 

4)  Throat  area  errors  due  to  dimensional  changes  in 
the  throat  are  not  predicted  by  normal  thermal 
expansion  of  uniformly  heated  cylinders. 

5)  Experimental  measurement  errors. 

5.3. 1.4  Steady-State  Performance  Conclusions 

Evaluation  of  the  preceding  sections  may  be  summarized 
in  the  following  conclusions: 

0  An  increase  in  L'  from  1  to  2  in.  provides  a  per¬ 
formance  increase  of  10  sec  of  specific  impulse.  Increases  over  L’  =  2"  are 
not  advised  due  to  high  heat  losses. 

°  Testing  with  both  the  coaxial  swirler  and 
3-element  splash  plate  injector  designs  resulted  in  equal  performance,  i.e., 
275  sec  of  specific  impulse  at  L'  =  2  in.  and  Pc  =  120  psia. 
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5.3,  Data  Evaluation  (cont.) 


0  Heat  losses  significantly  affect  performance  as 
chamber  pressure  is  decreased,  i.e.,  ^30  sec  of  specific  impulse  loss  at  Pc  = 
50  psia. 


°  Nozzle  Cf  data  indicates  that  the  BLIMP  Modeling 
predictions  may  be  2%  high. 

0  Higher  MON  content  oxidizers  (M0N-10)  provide  the 
same  performance  as  N204* 

In  summary,  injector  design  selection  for  Phase  III 
verification  testing  should  be  based  on  criteria  other  than  steady-state  per¬ 
formance,  i.e.,  pulse  performance,  thermal  management,  fabricability,  etc. 

5.3.2  Pulse  Repeatability 


The  "A"  duty  cycle  identified  earlier  consisted  of  2 
trains  of  30  pulses  each,  with  a  long  steady-state  burn  between  the  2  groups 
of  pulses.  The  objective  of  this  type  of  testing  was  to  identify  impulse 
repeatability  and  pulse  performance  differences  between  cold  and  hot  chamber 
restarts.  Due  to  difficulties  in  switching  from  the  large  PDFM  to  the  micro- 
PDFM,  and  the  reloading  time,  the  second  group  of  pulses  did  not  always  start 
up  when  the  chamber  was  at  a  maximum  temperature.  The  second  group  was, 
however,  representative  of  an  engine  which  had  recently  fired  and  soaked  out 
to  an  elevated  temperature.  A  similar  situation  applies  to  the  longer  "B" 
duty  cycle.* 


Pulse  test  variables  included  electrical  on  time  (CPW), 
pulse  rates  (PPS  or  PPM),  and  propellant  supply  system  pressure.  Figure  5-31 
displays  typical  successive  engine  pulses  of  .010,  .03,  and  .08  sec  EPW  at  an 
intermediate  tank  pressure  setting.  The  traces  shown  were  taken  from  the 
filtered  dynamic  force  trace  channel  of  the  online  oscillograph.  These 
pulses  are  noted  to  be  highly  repeatable. 


*The  computer  data  uses  A  and  B  to  designate  the  first  and  second  pulse 
groups  of  a  single  test  (i.e.,  130A  and  130B).  This  should  not  be  confused 
with  the  "A"  and  "B"  duty  cycle. 


Figure  5-32  shows  similar  force  time  traces  for  0.005 
sec  EPW  in  Test  130.  These  were  executed  at  a  rate  of  1.7  pulses  per  second, 
with  the  maximum  tank  pressure  at  372  psi. 

The  impulse  bit  is  computer-calculated  from  the  digital 
data  which  defines  the  area  under  the  thrust  time  trace.  A  display  of  indi¬ 
vidual  .010  second  EPW  pulse  Impulse  bits  from  Test  130  (B  duty  cycle)  arc 
shown  in  Figure  5-33.  These  data  cover  pulse  rates  of  4  pulses  per  minute  to 
1.7  pulses  per  second.  The  "A"  and  "B"  on  this  figure  correspond  to  the  pre- 
and  post-steady-state  pulses.  In  this  test,  the  engine  temperature  was 
approximately  the  same  on  the  repeat  pulse  series.  The  minimum  impulse  bit 
and  pulse  repeatabil ity  of  this  series  demonstrated  the  contractual  goals  of 
I  bit  <  .005  lbF-sec  by  providing  .0026  +  .0003  lbF-sec. 

The  pulse  repeatabil ity  is  computed  as  the  1  sigma 
standard  deviation  of  the  10  pulse  average  for  each  test  condition  con¬ 
sidering  all  pulses.  The  repeatability  versus  I  bit,  displayed  in  Figure 
5-34,  considers  the  following  variables:  propellant  temperature,  chamber 
pressure  (based  on  tank  settings),  EPW,  and  oxidizer  blend  (N2O4  dncl 
M0N-10).  The  impulse  bit  of  the  first  pulse  is  always  lower  than  that  of 
subsequent  pulses.  The  I-bit  repeatabil ity  was  found  to  be  within  _+  5%  for 
I-Bits  greater  than  .0025.  The  reduction  in  propellant  temperature  is  noted 
to  have  an  adverse  effect  on  pulse  repeatability.  No  significant  differences 
were  noted  when  the  oxidizer  was  changed  from  N2O4  to  the  higher  MON  oxi¬ 
dizer  (M0N-10). 

Figure  5-35  shows  the  relation  between  impulse  bit  for 
the  1-CAS  SN  10A  injector  as  a  function  of  environmental  and  propellant 

temperature,  for  EPW  values  of  .010,  .030,  and  .080  seconds  with  N2O4  anfl 
M0N-10  oxidizer.  Each  data  point  represents  the  average  of  10  successive 
pulses.  These  tests  were  conducted  at  a  low  chamber  pressure  (62  psia) 
because  it  represents  worst  case  conditions,  i.e.,  vapor  lock  at  high  temper¬ 
ature  and  longer  ignition  delays  at  low  temperatures.  The  poorer  repeatabil¬ 
ity  indicated  at  low  temperatures  in  Figure  5-34  is  probably  due  to  the 
changes  in  ignition  delay  times. 

Environmental  temperatures  between  30°F  and  120°F  were 
found  to  have  only  small  effects  on  the  statistical  I-Bit  values. 

Figure  5-36  maps  the  relation  between  EPW,  I-Bit,  and 
tank  pressure  settings  for  2  oxidizers  and  a  range  of  propellant  supply  temp¬ 
eratures.  Each  data  point  represents  the  average  of  10  successive  pulses. 
Figure  5-37  provides  the  same  I-Bit  data,  normalized  by  dividing  the  I-Bit 
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5.3,  Data  Evaluation  (cont.) 


by  the  EPW.  In  the  perfect  system,  this  relation  would  be  a  constant  which 
is  a  function  only  of  the  tank  pressure  setting.  The  value  of  the  constants 
would  be  equal  to  the  steady-state  thrust  for  the  particular  tank  pressure 
setting. 


In  reality,  the  time  delay  in  valve  opening  and  the 
inertia  in  filling  the  injector  manifold  volume  reduces  the  effective  engine 
firing  time  relative  to  the  EPW  time.  The  diamond  symbols  of  the  top  curve 
of  Figure  5-37  show  the  effect  of  subtracting  .004  second  from  EPW  before 
normalizing  the  data  for  the  116  Pc  condition.  The  .004  second  corresponds 
approximately  to  the  valve  electrical  delay  and  manifold  fill  time.  The 
resulting  nearly  horizontal  line  through  the  3  data  points  shows  the  tested 
configuration  to  provide  nearly  perfect  1-Bit  linearity  for  EPW  values 
greater  than  .010  second. 

5.3.3  Pulse  Performance 


Since  the  flow  measurement  for  single  pulses  is  not 
reliable,  pulse  performance  is  computed  for  the  average  of  10  pulses. 

Figures  5-38  and  5-39  show  the  effect  of  chamber  wall 
temperature  on  the  pulse  Isp  for  a  variety  of  test  conditions.  The  hot  wall 
results  in  better  utilization  of  the  propellant.  The  dark  data  points  in 
Figure  5-38  show,  pulse  by  pulse,  the  improvement  in  Isp  as  the  chamber  heats 
from  80°F  to  200°F.  The  resolution  of  the  micro-PDFMs  was  sufficiently  good 
to  develop  these  data  for  the  series  of  0.1  second  EPW  pulses.  Pulse  perform 
ance  is  significantly  higher  when  the  pulses  follow  a  steady-state  burn  (Tw  = 
450°F ) ,  as  displayed  by  the  open  data  points  in  Figure  5-38. 

The  cold  chamber  pulse  performance  data  for  the  two 
1-CAS  injector  assemblies  tested  in  Block  II  are  shown  in  Figure  5-40.  These 
data  are  superimposed  on  the  original  Block  I  data.  The  Block  I  and  II  test 
data  are  noted  to  be  in  good  agreement.  The  correction  of  the  high  fuel  cir¬ 
cuit  pressure  drop  did  not  alter  the  pulse  performance.  The  validity  of  the 
pulse  performance  in  Figure  5-40  is  questionable  at  an  EPW  of  .005  second 
because  of  the  very  low  propellant  consumption. 

Figure  5-41  provides  the  performance  data  obtained  from 
the  pulse  series  following  steady-state  burn.  The  higher  pulse  Isp  is  due  to 
the  hot  chamber  walls. 


Figures  5-42  and  5-43  provide  similar  pulse  performance 
data  for  the  3-SPA  injector  for  pulses  with  a  cold  and  hot  chamber. 
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amber  Wall  Temperature  vs  Pulse  Performance 


5-39.  Chamber  Wall  Temperature  vs  Pulse  Performance 
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Injector,  Cold  Chamber  Pulse  Performance 


Figure  5-43.  3-SPA  Injector  Pulse  Performance,  l'  =  2.0"  Hot  Chamber 


Figure  5-44  provides  a  comparison  of  the  2  injector 
designs  tested,  as  well  as  the  various  modifications  to  the  1-CAS  design. 

Data  are  presented  for  hot  walls  and  cold  walls  at  nominal  (^125  psia)  as 
well  as  60%  chamber  pressure. 

The  pulse  performance  of  the  3-element  splash  plate  is 
higher  than  that  of  the  1-CAS  SN  9  and  SN  10A  design  when  the  walls  are  cold; 
when  the  chamber  walls  are  hot  the  reverse  is  true.  The  1-CAS  SN  10B  design 
performed  the  same  as  the  3-SPA  at  the  single  cold  wall,  60%  Pc  test  condi¬ 
tion  evaluated. 

The  selection  of  an  injector  for  Phase  III  was  not  based 
on  pulsing  performance  because  the  units  tested  were  all  about  the  same. 

Figure  5-45  compares  the  measured  hot  and  cold  wall 
pulse  performance  with  the  Phase  I  CONTAM  model  predictions.  The  actual  per¬ 
formance  was  about  10%  lower  than  the  predicted  values.  No  effort  was  made 
to  resolve  this  difference. 

5-3.4  Steady-State  Thermal  Operation 

The  design  criteria  and  thermal  limitations  of  the 
engine  are  identified  in  Figure  5-46.  This  figure  schematically  illustrates 
the  cross  section  of  the  chamber  head  end  and  valve  for  the  flanged  and 
welded  configuration.  A  liquid  fuel  film  and  the  thin  wall  stainless  steel 
sleeve  minimize  the  heat  flow  to  the  injector  and  valve  during  steady-state 
firing  and  postfire  heat  soak. 

Figure  5-47  shows  a  typical  set  of  thermal  transients 
for  the  first  design  tested  (1-CAS  SN  9  injector,  flanged  2"  L'  chamber). 

All  temperatures  appeared  to  be  as  predicted,  except  at  the  seal  location. 

The  temperature  at  the  head  end  of  the  chamber  (Station  F)  was  250°F,  and  the 
columbiuin  throat  region  wall  was  approaching  2000°F.  Testing  in  this  series 
was  limited  by  the  hot  gas  seal  which  was  approaching  the  180CTF  limit  about 
35  sec  into  the  test. 


Figure  5-48  provides  a  comparison  of  the  engine  axial 
tenperature  profiles  for  the  2  injectors  tested  (1-CAS  and  3-SPA). 
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Figure  5-45.  Pulse  Performance  vs  CONTAM  Model  Predictions 
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Figure  5-46.  Thermal  Management  fi 


5.3,  Data  Evaluation  (cont.) 


The  temperatures  at  the  head  end  of  the  splash  plate 
injector/chamber  were  approaching  2000°F  and  were  unacceptable  for  steady- 
state  operation.  Those  of  the  CAS  design  were  considerably  lower,  but  still 
higher  than  desired.  Since  both  designs  provided  about  the  same  specific 
impulse,  attention  was  placed  on  reducing  the  head  end  temperatures  and 
correcting  the  fuel  circuit  aP  of  the  CAS  design. 

Figure  5-49  provides  comparative  Station  E  and  F  thermal 
response  data  for  flanged  and  welded  chambers  for  the  1-CAS  SN  9  configura¬ 
tion  and  the  SN  10A  flanged  configuration.  Data  are  presented  for  chamber 
pressures  between  60  and  120  psia.  SN  9  in  the  welded  flight-type  configura¬ 
tion  was  found  to  run  cooler  at  the  seal  location  than  the  flanged  version. 
The  reduction  in  fuel  injection  velocity  incorporated  in  SN  10A  also  caused 
the  front  end  to  run  hotter.  This  was  expected  since  decreased  fuel  injec¬ 
tion  velocity  reduces  the  swirl  forces  which  deposit  the  fuel  on  the  chamber 
wall.  The  data  indicate  that  the  cooling  becomes  more  effective  as  the  pro¬ 
pellant  supply  pressure  and  thrust  and  Pc  are  reduced. 

Figure  5-49  also  shows  that  SN  10A  achieved  steady- 
state  thermal  operation  in  a  250  sec  continuous  test  at  a  Pc  of  63  psia.  The 
maximum  throat  temperature  was  noted  to  be  1800°F. 

Figure  5-50  provides  a  comparison  of  the  postfire  soak 
following  these  long  burns.  The  welded  configuration  is  soaked  out  at  higher 
temperatures  than  the  flanged  design. 

Because  of  the  high  chamber  temperatures,  the  injector 
head  end  was  subsequently  modified,  as  shown  in  Figure  5-51,  to  allow  more  of 
the  fuel  in  the  outer  swirl  cone  to  impinge  on  the  wall  before  combusting 
with  the  oxidizer.  This  simple  change  allowed  test  durations  of  250  sec  (the 
facility  flow  limit  for  the  large  PDFM)  to  be  accomplished  at  chamber 
pressures  up  to  90  psia.  Thermal  maps  and  transient  data  for  this  assembly 
are  provided  in  Figures  5-52  through  5-55.  The  postfire  heat  soak,  shown  in 
Figure  5-53,  is  considered  acceptable;  however,  the  flange  is  operating  near 
the  upper  limit  temperature  for  the  gold  plating  on  the  seal  (1800°F). 

Figure  5-56  provides  a  thermal  map  of  the  assembly  at 
chamber  pressures  between  65  and  115  psia.  The  vertical  arrows  on  several  of 
the  high  pressure  data  points  indicate  that  these  locations  have  not  achieved 
steady-state  and  that  temperatures  were  still  climbing  at  the  end  of  the 
test. 
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Figure  5-49.  Comparison  of  Thermal  Transients  of  Coaxial  Injector  SN  9  and  10A 
with  Flanged  and  Welded  Chambers 
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Figure  5-51.  Shorter  Wide  Angle  Premix  Cup  Length  vs  Chamber 
Head  End  Temperature 


Figure  5-52.  Thermal  Steady-State  at  .37  lb  Thrust 
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5-53.  Postfire  Heat  Soak  After  Steady-State  Burn 
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Figure  5-55.  Steady-State  Thermal  Conditions  at  .37  lb  Thrust 


Steady-State  Chamber  Temperature  Axial  Profiles  as  a  Function  of 
Chamber  Pressure 


5.3,  Data  Evaluation  (cont.) 


Figure  5-51  summarizes  the  ability  of  the  film-cooled 
steel  head  end  to  remove  the  heat  being  conducted  along  the  chamber.  Data 
are  presented  for  the  various  test  configurations  as  a  function  of  operating 
pressure. 


Figure  5-57  documents  the  approaches  which  could  be 
employed  to  further  reduce  the  head  end  temperature  and  extend  the  operating 
range.  A  decision  was  made  to  investigate  further  enlargement  of  the  cup 
angle  and  depth  to  the  "C"  configuration,  as  shown  in  Figure  5-51. 

5.3.5  Pulsing  Thermal  Characteristics 

No  thermally  limiting  conditions  were  noted  during  any 
of  the  pulse  test  series  conducted  in  Phase  II.  However,  the  pulse  testing 
conducted  in  Phase  II  was  not  of  sufficient  duration  (continuous  pulsing  at 
fixed  conditions)  to  achieve  equilibrium  thermal  conditions  under  all  duty 
cycles.  The  duty  cycles  were  designed  mainly  to  provide  impulse  bit  and 
pulse  performance  data. 

Figure  5-58  provides  thermal  transients  at  two  chamber 
locations:  on  the  steel  sleeve  adjacent  to  the  injector  (TSL)  and  on  the 
thin  wall  portion  of  the  columbiuin  close  to  the  flange  (TCH-90).  These  data 
for  test  130  correpond  to  the  "B"  duty  cycle  consisting  of  the  330  pulses  as 
was  defined  in  Table  5-X,  page  141. 

The  temperatures  indicated  in  these  figures  correspond 
to  the  value  at  the  end  of  each  pulse.  The  *  indicates  a  single  pulse,  while 
numbers  2  through  5  define  the  quantity  of  successive  pulses  having  the  same 
temperature.  When  these  numbers  approach  4  or  5,  one  can  conclude  that  this 
is  the  equilibrium  thermal  condition  for  the  pulse  sequence.  Many  of  the 
pulse  groups  did  reach  an  equilibrium  value.  The  sudden  drop  in  tempera¬ 
ture  between  successive  pulses  is  caused  by  a  hold  in  the  pulse  sequence  to 
refill  the  microPDFM  flow  meters. 

The  maximum  temperatures  of  the  head  end  and  columbium 
did  not  exceed  240°F  and  are  considerably  less  than  the  steady-state  oper¬ 
ating  value  for  these  locations. 

Figure  5-59  shows  "A"  duty  cycle  pulse  thermal  data  from 
test  123B  following  a  27  sec  continuous  firing.  (The  "B”  after  the  test 
number  indicates  the  pulses  following  the  long  burn.)  Pulsing  was  initiated 
when  the  chamber  head  end  soaked  out  to  530°F  (the  maximum  soakout  tempera¬ 
ture).  At  the  time  pulsing  resumed  the  columbium  was  at  720°F.  These  data 
indicate  that  chamber  temperatures  drop  during  the  pulsing  and  that 
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Figure  5-58.  Pulsing  Thermal  Transients,  "B"  Duty  Cycle 


Figure  5-59.  Pulsing  Thermal  Transients  Following  a  Long  Burn 


5.3,  Data  Evaluation  (cont.) 


there  are  no  adverse  effects  on  engine  restarts  when  the  chamber  had  soaked 
out  to  its  maximum  head  end  temperature. 

5.3.6  Blowdown  and  Stability 

The  testing  of  each  injector  included  obtaining  data  at 
tank  pressures  between  80  and  400  psi  where  ever  possible.  The  relationship 
between  tank  pressure  and  chamber  pressure  for  the  1-CAS  SN  10B  injector  is 
shown  in  Figure  5-60. 


As  the  supply  pressure  is  reduced,  the  stability  of  the 
engine  is  measured  by  the  output  of  the  following  parameters:  dynamic 
thrust,  chamber  pressure,  and  feed  line  pressures.  Of  all  measurements,  the 
dynamic  thrust  measurement  was  found  to  be  the  most  sensitive  in  recording 
combustion  roughness. 


Figure  5-61  provides  a  reproduction  of  these  traces  for 
the  1-CAS  SN  9  injector  at  full  thrust.  The  initial  dynamic  stand  ringing  is 
noted  to  damp  out  in  ^.05  sec  while  the  highly  damped  static  measurement 
responds  very  slowly.  The  overshoot  in  Pc  is  believed  to  be  a  result  of 
having  a  small  drop  of  fuel  in  the  .010  dia  pressure  port.  As  the  injector 
heats,  the  Liquid  in  the  passage  boils  and  increases  the  pressure  until  the 
passage  is  dried  out. 


Figure  5-62  shows  similar  data  for  the  same  assembly 
operating  at  30%  thrust. 

The  start  transients  are  slower  at  reduced  thrust,  and 
maximum  Pc  is  not  achieved  for  several  tenths  of  seconds.  In  addition,  the 
combustion  roughness,  as  measured  by  the  peak-to-peak  variation  in  the 
dynamic  force  measurement  divided  by  the  mean  thrust,  becomes  greater  as  the 
chamber  wall  heats.  This  effect  was  noted  on  both  injectors  tested. 

Figure  5-63  provides  a  comparison  of  the  vibrational 
amplitude  measured  in  lbF  peak-to-peak  as  recorded  on  the  F  dyn  trace.  Data 
are  shown  for  the  3-element  splash  plate  and  the  coaxial  swirler  designs.  Ihc 
effect  of  duration  and  operating  pressure  are  noted.  Mod  B  of  the  1-CAS 
design  provided  the  most  consistently  stable  operation  of  all  test  configura¬ 
tions.  Data  for  the  1-CAS  10B  injector  at  122  Pc  and  42  Pc  are  shown  in 
Figure  5-64.  This  supported  the  selection  of  1  CAS  Mod  B  design  for  further 
optimization. 
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Injector  1 -CAS  Mod  B  Dynamic  Thrust  Traces  at  0.49  and  0.17  lb  Thrust 


5.3,  Data  Evaluation  (cont.) 


The  cause  for  the  increase  in  roughness  with  burn 
duration  was  not  precisely  identified  but  appears  to  be  a  thermally  induced 
effect.  Two  possibilities  exist:  one  is  that  the  heated  chamber  wall  causes 
the  fuel  droplets  to  undergo  mono-propellant  decomposition;  the  second  is 
that  the  heat  addition  to  the  oxidizer  passing  through  the  injector  causes 
two  phase  flow  injection. 

The  thermal  instrumentation  placed  on  the  injector  face 
and  backside  failed  in  the  braze  assembly  of  the  injector  and  chamber  and  was 
not  available  to  identify  the  injector  temperature  at  the  time  the  combustion 
roughness  started.  Further  testing  is  required  to  provide  data  to  relate 
temperature  effects  to  the  onset  of  combustion  roughness.  This  roughness 
appears  to  start  between  10  and  30  sec  after  FS1. 

On  the  basis  of  the  test  results  with  one  design,  it 
appears  possible  to  attain  a  5:1  tank  blowdown  ratio,  as  shown  in  Figure 
5-64. 


5.4  PHASE  II  CONCLUSIONS 

Phase  II  fabrication  activities  resolved  several  problems 
resulting  from  the  small  size  of  the  components  of  the  0.5  lbF  engine.  These 
are  summarized  as: 

°  Valve  fabrication  techniques  were  put  in  place  with  no 
problems  encountered. 

°  Initial  problems  in  etching  small  injector  passages  were 
resol ved. 

°  Methods  of  improving  platelet  stacking  alignment  were 
resolved  by  an  ALRC  sponsored  program. 

°  No  problems  were  encountered  in  the  fabrication  of  columbium 
chambers. 

°  No  problems  were  encountered  in  weld  assembling  a  chamber 
with  a  stainless/columbium  explosively  bonded  transition 
joint. 

°  Methods  of  joint  NOT  needed  development. 

Bench-testing  of  the  fabricated  hardware  was  performed  with  the 
following  results: 
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5.4,  Phase  II  Conclusions  (cont.) 


0  Valve  response  and  repeatability  was  satisfactory  for  Phase 
III  demonstration. 

°  Required  valve  cycle  life  was  achieved. 

°  Injector  fabrication  and  pressure  drop  for  the  1-CAS  Mod  A 
injector  is  acceptable. 

°  Hydraulic  reproducibility  of  injector  SN  10A  configuration 
needs  to  be  verified  by  fabrication  of  additional  parts  in 
Phase  III. 

The  hot-fire  test  program  of  Phase  II  was  evaluated  by  steady- 
state  performance  results,  pulse  mode  operation,  and  general  observations  as 
follows: 


Steady-State  Performance  Conclusions 


Increasing  chamber  L1  from  1  to  2  in.  increased  performance 
by  10  sec. 

°  Coaxial  swirl er  &  splash  plate  injectors  both  delivered  275 
sec  of  specific  impulse  at  L*  =2  in..  Pc  =  120  psia. 

Heat  losses  became  significant  30  sec  of  Isp)  at  lower 
chamber  pressure  (50  psia). 

°  Increasing  L'  beyond  2  in.  was  not  advised  because  of  the 
high  heat  losses. 

°  M0N-10  oxidizer  provided  the  same  performance  as  N2O4. 

Nozzle  Cf  data  indicated  BLIMP  model 
predictions  were  acceptable. 

0  Injector  design  selection  would  be  based  on  factors  other 
than  steady-state  performance. 

Pulse  Mode  Conclusions 

0  The  minimum  impulse  bit  goal,  0.005  lbF-sec  +  0.0005,  was 
demonstrated. 
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5.4,  Phase  II  Conclusions  (cont.) 


°  Impulse  was  not  dependent  on  oxidizer  blend,  MON-1  to 
MON- 10. 

Impulse  was  not  sensitive  to  environmental  temperature,  20 
to  120°F. 

°  Cold  engine  MIB  Isp  performance,  190  sec,  was  less  than 
program  goal,  220  sec  at  0.005  lbF-sec. 

°  Pulse  performance  program  goal  was  attained  when  chamber 
wall  was  'v400°F,  220  sec  at  0.005  lbF-sec. 

General  Observations 


°  The  Phase  II  design  was  within  1  3/4%  of  performance  goal. 

°  106  cycle  valve  was  successfully  bench-tested. 

°  Minimum  impulse  bit  goals  and  pulse  repeatability  were 
demonstrated. 

4:1  tank  pressure  blowdown  was  demonstrated. 

0  Pulsing-only  operation  had  no  observable  thermal 
1  imitations. 

°  Steady-state  head  end  and  throat  temperatures  were 
acceptable. 

Stainless  steel  to  columbium  chamber  interface  was  hotter 
than  desired  at  full  thrust  operation  (0.5  lbF). 

°  Interface  cooling  problem  became  manageable  at  reduced 
thrust  and  Pc  (0.25  lbF). 

5.5  PH ASF  III  RECOMMENDATIONS 

Phase  III  recommendations,  based  on  an  in-depth  data  review  and 
the  above  summarized  Phase  II  conclusions,  were: 
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5.5,  Phase  III  Recommendations  (cont.) 


°  Fabricate  and  assemble  two  engines  for  Phase  III  durability 
testing  as  planned  (1-CAS  injectors  with  2"  L*  chambers). 

°  Conduct  one  additional  design  iteration  test  on  coaxial 
swirl er  cup  L/D  as  a  parallel  activity. 

°  Select  optimum  dimension  for  maximum  durability  and 

operational  versatility  and  incorporate  results  in  Phase 
III  assembly. 

°  Utilize  explosive-bonded  bimetallic  plate  to  join  injector 
and  chamber;  modify  joint  design  to  provide  greater  cooling 
margin. 

°  Conduct  Phase  III  demonstration  testing  with  NTO/MMH  as 
proposed. 


SECTION  6.0 


PHASE  III  -  ENGINE  DEMONSTRATION 


6.0  PHASE  III  -  ENGINE  DEMONSTRATION 

BACKGROUND  AND  SUMMARY 

Phase  II  activities  provided  data  on  valve  fabrication,  response  and 
leakage  for  3  valves,  and  cold-flow,  and  hot-fire  test  data  on  3  injector 
designs  and  chambers  of  2  different  lengths.  The  data  showed  that  valve 
response  was  acceptable,  but  changes  in  the  flexure  tube  stiffness  and  seal 
surface  area  were  recommended  for  the  Phase  III  design  to  eliminate  a  mar¬ 
ginal  sealing  condition.  In  the  injector  area,  one  of  the  3  injector  designs 
was  found  to  be  superior  to  the  others,  using  ease  of  fabrication  and  hot- 
fire  test  results  as  selection  criteria.  Two  modifications  of  the  selected 
injector  design  were  produced  and  hot-fire  tested  in  Phase  II  in  order  to 
provide  sensitivity  data  for  the  injection  element.  The  selected  coaxial 
swirler  element  was  a  new  concept  that  is  particularly  applicable  to  low 
fl owrates. 

The  first  modification  of  the  element  design  corrected  a  high  fuel 
pressure  drop.  The  second  modification,  "Mod  B",  altered  the  spray  angle  of 
the  outer  cone  by  opening  the  swirl  cup  angle.  This  resulted  in  a  signifi¬ 
cant  improvement  in  chamber  head-end  cooling  and  improved  operation  at  low 
propellant  tank  pressures,  increasing  tank  blowdown  capability.  The  data 
available  at  the  conclusion  of  Phase  II  tests  indicated  that  the  design  came 
close  to  meeting  the  program  goals,  with  one  exception:  namely,  long  dura¬ 
tion  burns  could  be  accomplished  only  at  up  to  75%  of  nominal  thrust. 

Phase  III  was  initiated  with  one  modification  of  the  original 
program  plan.  This  provided  for  one  additional  hot-fire  data  point  --  a 
further- increased  swirl  cup  angle  —  prior  to  finalizing  the  injector  design 
for  Phase  III. 

The  proposed  "C"  injector  modification  was  completed,  and  the  engine 
was  then  reassembled  with  a  specially  designed  stainless  steel  chamber  which 
facilitated  analysis  of  the  thermal  data  by  limiting  the  axial  heat 
conduction. 

The  engine  was  subjected  to  eight  steady-state  tests,  with  inlet  pres¬ 
sures  varying  between  100  and  400  psia.  The  results  of  the  tests  showed  an 
improvement  in  cooling  margin  as  predicted.  However,  this  was  accompanied  by 
reduced  performance  and  rougher  combustion  at  all  operating  conditions.  This 


6.0,  Phase  III  -  Engine  Demonstration  (cont.) 


prompted  a  reanalysis  of  the  Mod  B  design.  It  was  determined  that  an 
improved  head  end  thermal  condition  could  be  achieved  with  the  Mod  B  injector 
if  the  chamber  design  were  changed.  The  expected  maximum  thrust  for  sus¬ 
tained  operation  with  this  configuration  would  be  between  0.4  IbF  and  0.5 


lbF. 


Two  Phase  III  engines  were  assembled,  incorporating  the  modified  valve 
design,  the  1-CAS  injector  with  the  Mod  B  cup  configuration,  and  the  143:1 
area  ratio,  all-welded  stainless  steel/col umbi urn  chambers  employing  a  rede¬ 
signed  head  end  thermal  standoff.  These  engines  were  identified  by  the 
injector  serial  number  (i.e.,  21B  and  22B),  with  B  denoting  the  cup  configur¬ 
ation. 


Engine  21B  was  subjected  to  14  steady-state  tests  of  durations  from  5 
to  5000  sec  over  a  chamber  pressure  range  from  79  to  124  psia,  corresponding 
to  a  thrust  range  of  0.31  to  0.45  IbF.  No  thermally  limiting  operating  con¬ 
ditions  were  encountered.  Maximum  thrust  was  limited  by  the  facility/ 
propellant  supply  pressure  of  MOO  psia. 

Subsequently,  a  series  of  pulse  limit  tests  were  conducted,  during 
which  the  on-and-off  times  were  systematically  adjusted  to  explore  the  duty 
cycle  capabilities  (expressed  as  time  percentages).  Testing  was  initiated  at 
a  .017%  duty  cycle  and  increased  up  to  30%.  A  total  of  2535  pulses  were  con¬ 
ducted  in  this  series. 

The  test  data  indicated  a  change  in  the  injector  hydraulic  character¬ 
istics  starting  at  the  2%  duty  cycle.  Postfire  inspection  revealed  that  the 
oxidizer  orifice  had  been  enlarged,  either  from  the  mechanical  forces  of 
start  transients  or  from  combustion  in  the  injector  cup  during  start  or  shut¬ 
down  transients. 

The  second  unit,  22B,  was  then  subjected  to  a  series  of  15  steady- 
state  engine  durability  tests,  providing  single  burn  durations  of  5  to  18,000 
sec  at  chamber  pressures  from  55  to  124  psia  and  thrust  levels  from  .22  to 
.52  lb.  Mixture  ratios  were  varied  from  1.5  to  1.9.  No  limiting  thermal 
conditions  were  encountered  during  the  8  hours  of  firing  time  accumulated  on 
Engine  22 B,  nor  were  there  any  changes  in  hydraulic  characteristics  or 
measurable  throat  diameter  changes  during  that  time  period. 


6.0,  Phase  III  -  Engine  Demonstration  (cont.) 


6.1  SPECIAL  HOT  TEST  ACTIVITIES 

Phase  III  hot-fire  testing  began  with  the  1-CAS  10A  Mod  C  injec¬ 
tor  configuration.  This  design  incorporated  the  increased  EDM'ed  cup  depth 
as  shown  in  Figure  6-1.  The  unit  was  welded  to  a  stainless  steel  heat  trans¬ 
fer  chamber  shown  in  Figures  6-2  and  6-3. 

Circumferential  grooves  were  cut  into  the  outer  surface  of  the 
chamber  wall  to  prevent  axial  heat  conduction.  This  allowed  a  better  deter¬ 
mination  of  the  local  heat  transfer  coefficient  and  hot-gas  or  liquid  fuel 
film  temperature  at  each  of  the  axial  stations.  Multiple  backside  tempera¬ 
ture  measurements  were  made  on  the  calorimeter  sections  as  well  as  the  sta¬ 
tions  shown  in  Figure  6-2. 

The  test  conditions  are  summarized  in  Table  6-1  along  with  the 
test  results.  Figure  6-4  shows  the  resulting  steady-state  performance  rela¬ 
tive  to  the  A  and  B  configurations.  Two  curves  are  shown  for  the  "C"  con¬ 
figuration  data;  one  corresponds  to  a  5  to  10  sec  data  summary,  the  other  is 
the  average  from  5  sec  to  the  end  of  the  test.  The  online  oscillograph 
recorded  development  of  significant  combustion  roughness  as  the  chamber  wall 
heated.  This  problem  was  more  pronounced  at  lower  pressures.  The  lower 
performance  of  the  full  test  duration  data  summary  resulted  from  the  rough 
combustion  in  the  latter  part  of  the  test. 

All  tests  were  characterized  by  a  significant  increase  in  com¬ 
bustion  roughness  as  the  chamber  wall  heated.  Although  the  magnitude  of  this 
roughness  does  not  appear  to  be  a  structural  problem,  it  does  result  in 
reduced  performance. 

The  tests  were  terminated  when  the  2150°F  kill  limit  was  reached 
(generally  in  the  midsection  of  the  steel  chamber).  Since  this  region  would 
be  columbium  in  the  flight  design,  this  limitation  was  not  considered  a 
problem.  The  head  end  of  the  chamber,  which  previously  ran  hot  at  full 
thrust,  was  now  considerably  cooler  at  all  test  conditions,  as  shown  in 
Figure  6-5. 


There  was  continued  excellent  measurement  consistency  between 
thrust  and  chamber  pressure,  as  displayed  in  Figure  6-6. 

The  results  of  this  special  test  activity  indicated  that  the  Mod 
B  injector  provided  a  better  cup  configuration  and  that  methods  of  head  end 
thermal  control  other  than  injector  design  should  be  considered  for  addi¬ 
tional  thermal  margin  and  operating  range. 
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Figure  6-1.  1-CAS  10A  Mod  C  Injector  Configuration 
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Figure  6-4.  Performance  of  1 -CAS  Mod  A,  B,  &  C  Injector 


Injector,  2  in  L',  Thrust  vs  Chamber  Pressure 
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6.2  DESIGN  UPDATE 

The  thermal  data  obtained  during  the  test  series  with  the  Mod  B 
and  C  cup  configurations  were  reviewed  to  determine  the  actual  gas  side  ther¬ 
mal  environment  at  the  chamber  head  end.  This  data  was  then  used  for  input 
in  a  SINDA  model  analysis  to  evaluate  potential  changes  in  the  chamber  design 
for  reducing  the  head  end  temperatures.  These  changes  involve  moving  the 
columbium/stainless  steel  interface  closer  to  the  injector  while  increasing 
the  thermal  resistance  path  between  the  chamber  and  injector.  The  results  of 
the  two  most  promising  configurations  are  shown  in  Figure  6-7.  The  .25  and 
.35  inch  liner  lengths  are  both  less  than  the  0.5  inch  length  employed  in 
Phase  II  tests.  The  temperatures  in  the  thermal  model  nodal  boxes  correspond 
to  the  long  liner  configuration  {.35  in.).  The  underlined  temperatures  pro¬ 
vide  comparative  predictions  for  the  short  liner.  The  short  liner  design  has 
a  predicted  2300°F  maximum  Cb  temperature  and  616°F  maximum  stainless  steel 
and  transition  joint  temperature  at  steady-state.  The  maximum  transition 
temperature  in  postfire  soak  was  predicted  to  be  834°F.  These  values  were 
all  acceptable  for  the  required  life  goals.  The  engine  assembly  configur¬ 
ation  having  the  0.25  in.  long  steel  section  was  selected  for  the  Phase  III 
design,  and  the  detailed  design  drawings  were  updated  to  reflect  the  new  head 
end  configuration. 


6.2.1  Detailed  Thermal  Update  Analysis 

The  computer  model  of  the  half  pound  engine*  was 
initially  modified  to  Include  a  bimetallic  flange  and  thickened  chamber  wall 
to  more  closely  simulate  the  Phase  II  engine  that  had  been  tested.  The 
temperature  at  the  columbium  weld  joint  from  Test  309  was  plotted  and 
compared  with  the  temperatures  from  the  computer  model.  The  original 
temperature  predictions  did  not  match  the  data  very  closely.  New  thermal 
boundary  conditions  matching  the  data  were  obtained  by  a  trial  and  error 
procedure.  It  was  not  possible  to  match  the  curves  closely  during  the  ther¬ 
mal  transient,  but  the  steady-state  temperatures  did  match  fairly  well.  It 
was  suspected  that  the  early  time  temperature  mismatch  resulted  from  the 
regression  of  the  liquid  fuel  film  length  as  the  chamber  walls  became  hotter, 
a  behavior  not  simulated  in  the  computer  model.  The  resulting  boundary  con¬ 
ditions  obtained  from  the  Mod  B  and  Mod  C  injector  are  compared  with  the  pre¬ 
test  predictions  in  Figure  6-8.  The  steady-state  liquid  fuel  film  length 
inferred  from  the  test  data  was  approximately  0. I  in.  less  than  the  original 
predictions.  The  remainder  of  the  thermal  boundary  conditions  required  only 
si ight  modification. 


Reference:  HT)  Memorandum  9752:0068,  D.H.  Saltzman  to  L.  Schoenman, 
Subject:  "Half  Pound  Engine  Thermal  Analysis,"  dated 
21  February  1978. 
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Figure  6-8.  Thermal  Model  Input 


6.2,  Design  Update  (cont.) 


Several  changes  were  made  in  the  chamber  wall  design  in 
an  attempt  to  lower  the  temperatures  at  the  bimetallic  joint  and  the 
stainless  steel  sleeve  while  maintaining  the  columbium  temperature  at  an 
acceptable  level  as  was  shown  in  Figure  6-7.  A  fin  was  added  to  radiate  heat 
out  of  the  columbium,  and  a  long  gap  was  put  in  to  force  the  heat  through  a 
long  conduction  path  to  the  bimetallic  joint.  The  computer  model  was 
modified  to  fit  the  new  design,  with  the  new  boundary  conditions  being  those 
derived  from  the  Mod  B  injector  cup  configuration.  A  modified  nodal  network 
and  heat  flows  corresponding  to  a  .35  in.  liner  configuration  were  evaluated. 
This  configuration  resulted  in  lower  head  end  temperatures;  however,  the 
temperature  at  node  70  was  near  1900°F,  higher  than  desirable  for  stainless 
steel.  A  further  design  modification  was  made  by  connecting  node  70  to  10 
and  leaving  a  gap  between  nodes  70  and  72.  This  change  extended  the  colum¬ 
bium  surface  upstream  (node  70  was  now  made  of  columbium),  and  conduction  was 
not  allowed  between  nodes  70  and  72.  Figure  6-7  showed  the  physical  meaning 
of  this  change.  Figure  6-9  shows  the  nodal  network  with  the  new  heat  flows 
for  the  0.25  in.  long  liner.  The  calculated  results  of  this  change  are 
documented  in  the  time/temperature  transients  in  Table  6-1 I.  This  change 
raised  the  temperature  of  node  70,  but  it  lowered  the  temperatures  of  the 
bimetallic  joint  and  the  stainless  steel  sleeve.  During  firing,  the  maximum 
predicted  stainless  steel  temperature  now  occurs  at  the  bimetallic  joint  and 
is  only  616°F,  which  is  an  acceptable  value. 

Using  this  configuration,  a  heat  soakback  simulation  was 
performed  to  evaluate  temperature  rises  resulting  from  combustion  stopping 
and  fuel  ceasing  to  cool  the  chamber  and  injector.  The  results  at  several 
nodes  are  shown  in  Figure  6-10.  These  heat  soak  values  were  considered 
acceptable. 


6.2.2  Detailed  Design 

The  Phase  III  test  hardware  incorporated  minor  design 
changes  in  the  valve  flapper  and  valve  seats  to  control  the  stress  on  the 
Teflon  button.  Reducing  the  stiffness  of  the  flappers  and  the  seal  surface 
area  allowed  the  sealing  force  on  the  Teflon  to  remain  nearly  constant,  even 
when  the  Teflon  cold-flows  with  time. 

The  head  end  of  the  chamber  was  modified,  as  shown  in 
the  detailed  drawings  of  Figures  6-11  and  6-12,  to  incorporate  the  results  of 
the  previously  described  thermal  analyses.  Other  minor  design  changes  are 
defined  in  the  drawings. 
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Figure  6-10.  Predicted  Temperature  vs  Time  Heat  Soakback 


Figure 


-12.  Phase  III 


6.0,  Phase  III  -  Engine  Demonstration  (cont.) 


6.3  ENGINE  FABRICATION 
6.3.1  Valves 


Two  Phase  III  valves  mated  to  ALRC  platelet  injectors 
were  delivered  by  MOOG,  Inc.  Acceptance  data  for  these  valves  are  provided 
in  Appendix  D.  Both  units  met  the  program  response  and  leakage  goals.  A 
curve  of  response  versus  voltage  and  feed  system  pressure  is  provided  in  the 
Appendix.  Val ve-to-val ve  repeatability  is  within  +  .0001  sec  for  the  two 
units.  The  Phase  III  valves  were  slower  than  the  Phase  II  valves  by  .001 
sec  (at  400  psi  and  28  volts)  due  to  the  reduced  flapper  tube  stiffness  and 
the  increased  torque  motor  windup.  These  changes  were  incorporated  in  the 
Phase  III  valves  to  eliminate  the  internal  leakage  problems  encountered  in 
the  early  Phase  II  designs.  Both  Phase  II  valves  showed  "zero"  leakage. 

6.3.2  Injector  Fabrication 

Using  improved  etching  techniques,  platelets  for  12 
injectors  were  etched.  None  of  the  etching  problems  experienced  during  Phase 
II  were  evident  in  these  new  parts.  Alignment  on  the  first  set  of  6  units 
bonded  in  a  sheet  was  acceptable;  however,  further  improvements  are  possible. 
The  cold-flow  data  history  for  the  1-CAS  design,  beginning  with  SN  10A,  is 
documented  in  Table  6-1 1 1  -  (Note:  SN  1-9  had  smaller  fuel  passages.) 

The  cold-flow  results  of  SN  12,  14,  15  and  16,  shown  in 
Table  6-1 II,  indicate  a  highly  repeatable  flow  coefficient;  however,  the 
magnitude  is  below  that  of  the  SN  10A  and  the  required  value.  Injector  SN  17 
was  subsequently  cold-flowed  as  a  loose  stack  and  found  to  be  acceptable.  It 
was  bonded  as  a  single  unit,  using  the  same  process  parameters  as  for  SN  10A. 
The  results  showed  a  significant  reduction  in  flow  coefficient  following 
bonding.  The  oxidizer  circuit  proved  to  be  the  same  as  for  SN  12  to  16.  The 
fuel  circuit  also  showed  a  reduced  Kw,  but  it  was  similar  to  that  of  SN  10A 
when  flowed  on  the  simulator  and  therefore  was  considered  acceptable. 

Injectors  SN  15  and  16  were  sectioned  and  examined  under 
100X  magnification.  The  measurements  showed  the  passage  sizes  had  been 
reduced  by  0.001  in.  (25  to  30%  in  area)  by  the  bonding  process.  The  cause 
of  the  excessive  creep  was  due  to  an  improper  combination  of  load  and  temper¬ 
ature. 


At  this  point,  two  parallel  courses  of  action  were 
undertaken.  One  involved  assembling  and  cold-flowing  as  loose  stacks  all 


TABLE  6- III 


1-CAS  INJECTOR  FLOW  HISTORY 


SN 

Configuration 

Test 

10A 

Loose  Stack 
Simulator 

Cold 

Post  Bond 

Simulator 

Cold 

On  Valve 

Cold 

On  Valve 

Hot  Fire 

10B 

On  Valve 

Hot  Fire 

IOC 

On  Valve 

Cold  Flow 

On  Valve 

Hot  Test 

In- 

cd 

-C 

12  a 

Bonded  Simulator 

Cold 

o 

14  UDH- 

Bonded  Simulator 

Cold 

15  °-g 

Bonded  Simulator 

Cold 

ic  <d  o 

1  0  CO  OQ 

Bonded  Simulator 

Cold 

17 

Loose  Stack, 
Simulator 

Cold 

Bonded  Single 
Simulator 

Cold 

18 

Loose  Stack  - 
Simulator 

Cold 

Bonded,  Simulator 

Cold 

19 

Loose  Stack, 

Cold 

Simulator 

Cold 

20 

Loose  Stack, 
Simulator 

Cold 

21 

Loose  Stack, 
Simulator 

Cold 

Bonded, Simulator 
Bonded, Valve 

Cold 

22 

Loose  Stack, 

Cold 

Simulator 


A  P 

_c 

pH 

Oxidizer  Kw  10 

Fuel  Kw 

150 

6.10 

4.80 

200 

6.06 

4.85 

150 

5.50 

4.07 

200 

5.20 

150 

5.63 

4.19 

Range 

5.6  to  5.8 

4.0  to 

Range 

5.6  to  5.8 

4.0  to 

200 

5.97 

4.41 

Range 

6.1  to  6.3 

4.6 

200 

4.52 

3.12 

200 

4.67 

3.37 

200 

4.57 

3.01 

200 

4.31 

- 

50 

6.23 

5.29 

100 

5.87 

5.29 

200 

5.97 

5.55 

200 

4.67 

3.99 

100 

3.74 

100 

5.51 

5.14 

200 

5.61 

5.29 

200 

5.45 

4.57 

100 

6.38 

5.21 

200 

6.23 

5.55 

100 

5.58 

5.14 

200 

5.71 

5.34 

100 

5.87 

5.14 

200 

5.87 

5.30 

200 

4.77 

3.94 

200 

4.53 

3.82* 

100 

5.87 

5.07 

200 

5.81 

5.30 

*MOOG  Data 
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6.3,  Engine  Fabrication  (cont.) 


remaining  injector  parts  (SN  19  through  22).  These  results  are  shown  in  the 
lower  part  of  Table  6-1 II.  The  hydraulic  reproducibility  of  these  parts  was 
acceptable;  however,  the  fuel-to-oxidizer  Kw  ratio  in  the  loose  stack 
configuration  is  too  high  to  provide  equal  pressure  drops.  Since  the  fuel 
circuit  Kw  normally  drops  slightly  during  the  bond  operation,  this  was  not  a 
problem. 


The  second  activity  was  company-sponsored  and  directed 
at  further  refining  the  bonding  process  parameters  on  small  parts.  This  work 
consisted  of  the  following  activities: 

°  Thermocouple  calibration  in  vacuum  applications 

°  Bonding  adequacy  at  reduced  temperatures 

°  Load  calibration 

A  bond  run  on  parts  of  injector  SN  21  using  reduced  temperatures  was  con¬ 
ducted  after  completion  of  the  above  activities.  The  Kw's  resulting  from  SN 
21  were  nearly  identical  to  those  of  SN  17. 

SN  17  Bonded  Kw  OX  =  4.67  x  10-5;  Fuel=3.99  x  10-5 

SN  21  OX  =  4.77  x  10-5;  Fuel=3.94  x  10-5 

A  second  bond  run  on  SN  18  was  conducted  using  reduced 
load.  These  conditions  closely  reproduced  the  baseline  SN  10  Kw's. 

SN  18  Bonded  Kw  Kw  OX  =  5.45  x  10“5 

Kw  Fuel  =  4.57  x  10-5 

SN  10  Bonded  Baseline  Kw  OX  =  5.20  x  10-5 

Kw  Fuel  =  4.07  x  10-5 

Injector  SN  21  was  supplied  to  M00G,  Inc.  for  assembly 
to  the  first  valve.  The  second  valve  was  assembled  with  SN  22  (a  slightly 
higher  Kw  injector).  A  second  high  and  low  Kw  injector  was  bonded  to  have 
two  of  each  type  available  for  Phase  III. 

Four  injectors  were  thus  completed  for  use  in  Phase 
III,  two  having  a  slightly  higher  pressure  drop  and  two  having  approximately 
the  same  pressure  drop  as  the  selected  Phase  II  design.  The  history  of  these 
parts  is  documented  in  Table  6- IV. 


,S  i  ■ 
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TABLE  6- IV 


1-CAS  INJECTOR  FLOW  HISTORY 


Phase 


I 


III 

High  aP 


III 

Low  AP 


1-CAS 

Injector 

SN 

Confi  gu  rat  ion 

Test 

10B 

On  Valve 

Hot  Fire 

17 

Loose  Stack 
Simulator 

Cold 

Bonded,  Simulator 

Cold 

On  Valve 
(Moog  Data) 

Cold 

21 

Loose  Stack 
Simulator 

Cold 

Bonded,  Simulator 

Cold 

Bonded  Valve 
(Moog  Data) 

Cold 

21 B 

Bonded,  Simulator 
After  Braze 

Cold 

21B 

Final  Assembly 
on  Valve 

Cold 

20 

Loose  Stack, 
Simulator 

Cold 

Bonded,  Simulator 
Seats  not 

Finished 

Cold 

Bonded,  Seats 
Finished 

22 

Loose  Stack, 
Simulator 

Cold 

Bonded,  Simulator 

Cold 

Kw  x 

10‘5 

Oxidizer 

Fuel 

6.23 

5.29 

5.87 

5.29 

5.97 

5.55 

4.67 

3.99 

3.74 

4.30 

3.54 

5.87 

5.14 

5.87 

5.30 

4.77 

3.94 

4.53 

3.82 

4.92 

3.74 

4.67 

3.84 

4.60 

3.94 

5.58 

5.14 

5.71 

5.34 

5.58 

4.55 

5.56 

4.67 

5.87 

5.07 

5.81 

5.30 

5.80 

4.62 

B  Confic 
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6.3,  Engine  Fabrication  (cont.) 


6.3.3  Chamber  Fabrication 


Two  143:1  geometric  area  ratio  columbium  combustion 
chambers  and  the  columbium  portion  of  the  thermal  standoff  were  machined  from 
C-103  bar  stock  as  shown  in  Figure  6-13. 


Discussion  of  coating  process  R  512  with  the  subcontrac¬ 
tor  indicated  that  the  entire  welded  assembly  could  be  coated  as  a  single 
unit,  rather  than  first  coating  and  welding  the  parts  and  then  recoating  the 
weld  area.  Two  each  of  the  chambers  and  thermal  standoffs  were  electron-  1 
beam-welded  and  coated.  The  coated  chamber  assemblies  were  returned  to  ALRC 
for  mating  with  the  bimetallic  transition  joint  spools  which  had  been  readied 
for  welding. 


6.3.4  Chamber  and  Engine  Assembly 

Final  engine  assembly  required  the  following  operational 

steps: 

1)  Brazing  of  Pc  boss  and  chamber  liner; 

2)  EDM  machine  face  to  B  cup  configuration; 

3)  Conduct  flow  and  leak  checks; 

4)  EB  weld  Cb-Cb  interface  on  bimetallic  ring; 

5)  Inspect  weld  and  machine  stainless  interface 
to  mate  with  chamber  liner; 

6)  EB  weld  stainless  interface  of  bimetallic 
ring  to  stainless  chamber  liner-injector; 

7)  Assemble  injector-chamber  assembly  to  valve; 

8)  Conduct  leak  and  flow  checks. 


Except  for  Step  4,  all  operations  were  successful  on  the 
first  attempt.  Step  5  uncovered  cracks  in  the  weld  joint  on  3  successive 
weld  attempts  attributed  to  two  possible  factors:  1)  flow  of  the  silicide 
coating  into  the  weld  and  2)  insufficient  allowance  for  weld  shrinkage  on 
cool-down. 


The  weld  joint  design  was  subsequently  modified  to  allow 
for  weld  shrinkage,  and  the  silicide  coating  was  dressed  back  away  from  the 
weld.  A  new  bimetallic  transition  ring  was  then  machined  and  successfully 
welded  to  the  chamber.  Photographs  of  the  assembled  engine  are  shown  in 
Figure  6-14. 


231 


wfc  i  '''  'Ji.tuy, 


Figure  6-13.  Phase  III  Combustion  Chamber 


6.3,  Engine  Fabrication  (cont.) 


Both  engines  were  subjected  to  leak  checks  of  the  welded 
and  brazed  joints  and  high-pressure  (400  psia)  GN2  leak  checks  of  the  valve 
injector  interface  seals.  No  leakage  was  noted  in  either  engine. 

6.4  PHASE  III  -  DEMONSTRATION  TESTING 

6.4.1  Test  Instrumentation  and  Facility  Modifications 

6.4. 1.1  Phase  III  -  Test  Instrumentation 

The  facility  instrumentation  used  in  Phase  III  was  the 

same  as  for  Phase  II.  The  location  of  the  thermocouples  on  the  Phase  III 

test  engine  assemblies  is  shown  in  Figure  6-15  and  Table  6-V. 

The  throat  temperature  measurement  was  added  following 
Test  506.  This  thermocouple  was  located  between  the  chamber  0D  and  the 
insulation.  The  Tg  measurement  was  added  following  Test  526.  This  was  a 

tension-loaded  .003  in.  diameter  (Type  K)  wire  junction,  contacting  the  Cb  - 

Cb  uncoated  weld  area. 


Following  Test  527,  the  feed  system  Kulite  pressure 
transducers  were  replaced  with  Kistler  transducers  to  provide  a  higher  degree 
of  sensitivity  in  the  feed  system. 

6.4. 1.2  Phase  III  Test  Facility  Modifications 

Hot-fire  test  operations  during  Phase  II  revealed 
several  facility  inadequacies  which,  while  providing  reliable  test  data, 
resulted  in  significant  test  delays.  The  test  fixture  initially  fabricated 
for  this  program  proved  to  have  several  limitations,  described  as  follows: 

0  Washer  type  load  cell  -  This  concept,  while  pro¬ 
viding  accurate  pulse  measurements ,  required  del icate  engine  alignment  due  to 
its  single  point  mount.  The  crystal  load  cell  described  in  Phase  II  was 
proven  accurate;  however,  previously  used  (100  and  5  lbF  test  fixtures)  3 
point-mount  crystal  cells  with  electrical  summing  had  been  operationally  more 
efficient. 


0  In-place  cal ibration  -  The  pneumatic,  diaphragm- 
type  load  application  technique  used  for  calibration  resulted  in  oscillations 
and  drift  that  made  calibrations  complex  and  time-consuming.  The  load  appli¬ 
cation  pull  rod  proved  to  be  very  difficult  and  time-consuming  to  align  and 
"hung  up"  when  returned  to  zero. 
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TABLE  6 -V 


PHASE  III  ENGINE  INSTRUMENTATION 

THERMOCOUPLE 


TEMPERATURE 

QUANT. 

RANGE  (TYPE  K) 
°F 

DESIRED 

MAX 

KILL 

Valve 

Body 

TVB 

1 

0-300 

<  250 

Visua 

Cover 

TVC 

1 

0-300 

<  250 

Visua 

Inj ector 

Backside 

TJB 

1 

0-400 

<  200 

300 

Pc  Tap 

TPC 

1 

0-400 

<  200 

Chamber 

Support  Leg 

TL 

1 

0-500 

<  350 

500 

Steel  Sleeve 

TS 

3 

0-1500 

<  500 

1000 

Bimetallic 

Joint 

Tweld 

3 

0-2000 

-1000 

1500 

Cb-Cb  weld 

Tg 

1 

0-2000 

■1500 

None 

Radiator 

TR 

2 

0-2400 

<2400 

2400 

Throat 

TT 

1 

0-2400 

2400 

2600 

PRESSURE 

Kuli te 

Chamber 

Pc 

1 

0-200  psi 

Auto 
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6.4,  Phase  III  -  Demonstration  Testing  (cont.) 


A  review  of  the  operation  techniques  and  design 
responses  of  the  5  lbF  test  fixture  used  during  the  ALRC  test  program  was 
made.  This  indicated  that  use  of  this  fixture  in  lieu  of  the  0.5  lbF  unit 
would  allow  for  a  more  efficient  test  operation.  Replacement  of  the  load 
cells  (static,  dynamic  and  calibrate)  with  those  sized  for  the  0.5  lbF 
engine  would  be  required. 

This  fixture  was  of  the  same  basic  design  as  the  one 
in  Phase  II,  except  for: 

°  3-point  dynamic  load  cell  mount  for  pulse 

measurements. 


°  Pull  cable  versus  pull  rod  for  calibration  force 
application,  thereby  allowing  self-al ignment  and  return  to  zero.  The  pull 
cable  went  slack  after  renoval  of  the  calibration  load. 

°  Hydraulic  piston  load  application  for  calibra¬ 
tion,  thereby  eliminating  drift  and  oscillations  during  calibrations. 


The  5  lbF  test  fixture.  Figure  6-16,  was  therefore 
installed  and  used  in  the  significantly  improved  Phase  III  test  program.  A 
comparison  of  test  fixtures  from  proposed  baseline  through  Phase  II  and  into 
Phase  III  testing  is  summarized  in  Table  6-VI. 


6.4.2  Phase  III  Demonstration  Testing  of  Engines 

This  test  series  was  given  the  identification  number 

Test  . 5B-698-5XX. 


fol lows : 


Two  engines  were  assembled  for  Phase  III  testing  as 


Engine  21:  Valve  SN  004,  injector  SN  21,  143:1  e 
chamber 

Engine  22:  Valve  SN  005,  injector  SN  22,  143:1 e 
chamber 

Valves  and  chambers  were  identical  on  both  engines.  The 
injectors  were  of  the  same  design;  however,  they  had  different  pressure 
drops,  with  the  SN  21  unit  having  a  higher  pressure  drop  than  SN  22.  The 
engines  were  serialized  in  accordance  with  the  injector  serial  number. 
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Figure  6-16.  5.0  IbF  Test  Fixture  Adapted  for 

0.5  IbF  Phase  III  Testino 
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6.4,  Phase  III  -  Demonstration  Testing  (cont.) 


6.4.2. I  Engine  21  Testing  -  Test  Series  698,  Runs  501-514 

The  test  history  of  this  engine  is  summarized  in  Table 
6 -VI I .  Fourteen  series  were  conducted,  starting  with  a  5  sec  checkout. 

Tests  502  through  506  were  conducted  with  a  radiation-cooled  chamber,  with 
propellants  supplied  by  the  positive  displacement  flow  meters  with  run  dura¬ 
tions  (200  to  300  sec)  limited  by  their  capacity.  Testing  started  at  low 
pressure  (50  psia).  The  operating  pressure  was  increased  in  each  successive 
test  to  determine  the  maximum  safe  operating  pressure  up  to  the  nominal  400 
psi  propellant  supply.  The  series  also  provided  data  relating  tank  pressure 
to  performance  and  temperature.  Test  502  was  terminated  early  due  to  rough 
combustion.  The  data  showed  the  mixture  ratio  to  be  slightly  low.  Test  506, 
a  repeat  of  502  but  at  proper  mixture  ratio,  showed  an  improvement  in  the 
combustion  roughness.  All  tests  showed  some  degree  of  "popping"  (to  be  dis¬ 
cussed  in  greater  detail  later  in  this  report).  The  fuel  flow  data  (pre¬ 
sented  in  Table  6 -V II)  of  Test  504  was  adjusted,  using  the  injector  Kw,  due 
to  a  slow  closing  facility  bleed  valve.  Test  504  also  ended  with  a  signifi¬ 
cant  drop  in  thrust  and  flow,  caused  by  oxidizer  depletion.  No  damage  was 
encountered. 

The  chamber  was  insulated  with  Johns-Manvil le  Dyna- 
f 1  ex  starting  with  Test  507  (4  1 b/ft 3  density),  from  the  radiation  fin  to 
the  exit  plane.  All  subsequent  tests  were  conducted  in  this  configuration. 
Test  507  and  508  were  repeats  of  earlier  test  conditions  to  establish  per¬ 
formance  improvement  due  to  reduction  in  heat  loss.  A  significant  improve¬ 
ment  was  noted  in  each  case. 

Tests  509  through  511  were  engine  durability  tests 
using  propellant  tanks  in  lieu  of  the  PDFMs.  Flow  measurements  were  moni¬ 
tored  by  small  paddle  wheel  flow  meters.  Flow  calibration  for  these  tests 
was  made  by  using  PDFM-paddle  wheel  relationships  developed  on  the  previous 
two  tests.  These  test  durations  were  53.9,  2295,  and  4954  sec,  respectively. 
Facility  instrumental  ion  malfunction  was  responsible  for  termination  of  Tests 
509  and  510.  Thrust,  flowrate  and  Pc  or  Kw  were  changed  during  these  tests, 
as  was  shown  in  Table  6- VI I .  The  throat  temperature  drifted  upward  during 
testing.  This  is  believed  to  be  a  result  of  alloying  of  the  thermocouple 
junction  with  the  silicide  chamber  coating.  Similar  long-term  instrumenta¬ 
tion  drifts  have  been  reported  in  industry  literature. 

Test  512  was  a  block  1  pulse  series,  itemized  in  Table 
6-VIII.  Duty  cycles  up  to  2 %  were  completed  as  planned.  The  engine  was 
unable  to  complete  the  total  pulse  series,  starting  with  group  8,  10%  duty 
cycle,  because  the  head  end  of  the  chamber  exceeded  the  450°F  limitation 
imposed.  The  actual  number  of  pulses  completed  for  each  group  is  also 


TABLE  6- V 1 1 


PHASE  III  TEST  HISTORY 


PHASE  III  BLOCK  I  DUTY  CYCLE 


NOTE:  Only  the  first  and  last  15  pulses  of  each  of  pulse  groups  4  through  12  are  to  be 

recorded.  All  pulses  of  pulse  groups  T,  2,  3  and  13  are  to  be  recorded.  Total  pulses  2535 


6.4,  Phase  III  -  Demonstration  Testing  (cont.) 


provided  in  Table  6-VIII.  Details  of  the  pulse  testing  results  are  discussed 
in  Section  7. 


The  final  run  of  Test  512,  scheduled  for  a  300  sec  con¬ 
tinuous  burn,  was  terminated  at  4.75  sec  when  the  chamber  head  end  exceeded 
the  500°F  limitation.  Tests  513  and  514  were  conducted  to  verify  the  test 
results.  Analysis  of  the  data  showed  a  significant  reduction  in  the  resis¬ 
tance  of  the  injector  oxidizer  circuit.  A  leak  check  with  GN?  showed  no 
internal  or  external  leaks. 

Visual  inspection  of  the  injector  revealed  erosion  of 
the  oxidizer  metering  orifice  and  a  portion  of  one  of  the  oxidizer  swirler 
legs.  A  subsequent  cold  flow  of  the  injector  confirmed  the  change  in  the 
oxidizer  circuit  Kw  obtained  in  Tests  512  through  514. 

Inspection  of  the  valve  and  columbium  portion  of  the 
chamber  showed  no  signs  of  wear  after  the  approximately  9000  seconds  of  burn 
time  accumulated  on  this  unit.  Further  testing  of  engine  SN  21  was  discon- 
ti nued. 


6. 4. 2. 2  Engine  22  Testing  -  Test  Series  698,  Runs  515-526 

The  test  history  of  this  engine  is  summarized  in  Table 
6 -I X.  Tests  515  through  520  repeated  Tests  501  to  506  to  obtain  direct  com¬ 
parison  of  the  two  engines.  Propellant  was  supplied  by  the  positive  dis¬ 
placement  flow  system,  and  the  chamber  was  radiation  cooled.  Testing  was 
again  started  at  low  pressure  (52  psia)  and  increased  to  the  maximum  nominal; 
no  thermal  limits  were  encountered.  The  second  engine,  having  a  lower  pres¬ 
sure  drop  injector,  proved  to  be  more  prone  to  chugging  at  the  lowest  oper¬ 
ating  pressure.  All  tests  except  516  were  terminated  by  the  exhaustion  of 
propellant  in  the  positive  displacement  feed  system.  Test  516  was  terminated 
manually  after  59  sec  due  to  excessive  chugging. 

The  chamber  was  insulated  in  a  similar  manner  as 
Engine  21  for  all  tests  subsequent  to  520.  Tests  522,  523  and  524  examined 
the  influence  of  mixture  ratio  at  full  thrust.  Acceptable  temperatures  were 
obtained  at  MR  =  1.84.  Testing  was  terminated  at  45  sec  at  a  MR  of  1.97  when 
the  head  end  chamber  temperature  exceeded  500°F. 

Propellant  for  Test  525,  the  2-hour  durability  test, 
was  supplied  from  the  large  propellant  tanks  with  paddle  wheel  meters  for 
flow  measurement.  This  test  was  terminated  at  744  sec  by  a  facility  instru¬ 
mentation  malfunction.  Test  526,  a  continuation  of  525,  was  8114  sec  in 
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6.4,  Phase  III  -  Demonstration  Testing  (cont.) 


duration  and  was  terminated  at  the  end  of  the  work  shift.  Thrust,  flow.  Pc, 
etc.  was  unchanged  during  this  burn.  The  throat  thermocouple  behaved  in  a 
manner  similar  to  that  of  Engine  S/N  21  (Ref.  Table  6 -VI I ) . 

Test  527  was  a  185  sec  burn  at  .5  lb  thrust  using  the 
PDFM  supply.  Prior  to  this  test,  a  .003  in.  diameter  thermocouple  (Tg)  was 
added  to  the  uncoated  Cb-Cb  weld  joint  at  the  bimetallic  splice.  The  temper¬ 
ature  reached  a  steady-state  value  of  1640°F.  The  objective  of  the  addi¬ 
tional  measurement,  in  addition  to  determining  potential  life  limitations, 
was  to  try  to  relate  the  onset  of  popping  to  changes  in  temperature  in  the 
thermal  isolation  slot.  Following  this  test,  the  two  Kulite  transducers  at 
the  valve  inlet  were  replaced  by  Kistler  transducers  to  provide  increased 
feed  system  measurement  sensitivity. 

Test  528  utilized  tank  propellant  supply  to  continue 
steady-state  durability  testing.  The  duration  of  Test  528  was  2563  sec.  No 
change  in  operation  was  noted  during  this  period. 

Test  529  was  a  continuation  of  Test  528  for  a  duration 
of  18,000  seconds.  Testing  was  terminated  at  the  end  of  the  work  shift. 
Posttest  hardware  inspection  showed  no  visible  changes.  Cold  flow  of  the 
assembly  showed  no  significant  change  in  pressure  drop  or  throat  diameter, 
i .  e .  : 


Kw  at  200 

psid  water 

Ox  Circuit 

Fuel  Circuit 

Pretest 

5.92  x  10-6 

4.88  x  10-5 

Postest  after  8.5 
hours  burn 

6.00  x  10-5 

4.60  x  10-5 

6.4.3  Durability  Test  Results 

A  total  of  14  full  thermal  cycles  and  2535  partial 
thermal  cycles  were  applied  to  Engine  SN  21.  No  loss  of  coating  or  signs 
of  weld  failure  were  noted.  The  firing  life  of  this  unit  was  approximately 
9000  sec.  The  failure  of  the  oxidizer  orifice  of  this  engine  --  as  noted  by 
the  change  in  magnitude  of  the  impulse  bit  --  is  discussed  in  Section  7.  It 
wa s  not  obvious  that  damage  had  occurred  until  the  final  steady-state  burn  of 
the  series  was  undertaken.  Details  of  this  activity  are  covered  in  Section 
7.0,  "Test  512  Data  Evaluation,"  of  this  report. 
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6.4,  Phase  III  -  Demonstration  Testing  (cont.) 


A  total  of  15  full  thermal  cycles  was  applied  to  Engine 
SN  22.  Hardware  inspection  following  eight  hours  of  total  burn  showed  no 
change  in  hydraulic  or  dimensional  characteristics.  The  longest  single  burn 
on  this  engine  was  18,000  continuous  seconds  at  full  thrust.  No  operating 
limitations  were  encountered  in  steady-state  firing  at  thrusts  between  .3  and 
.5  lb. 


Appendix  E. 


A  complete  record  of  the  durability  tests  is  provided  in 


6.5  TEST  DATA  EVALUATION 

6.5.1  Engine  Response 

The  engine  response  data  in  this  section  is  based  on 
lest  512  (pulsing  limits  testing.  Engine  SN  21). 

Figure  6-17  shows  an  online  oscillograph  trace  of  a 
typical  pulse.  All  quoted  response  data  are  based  on  measurements  taken  from 
these  records. 


The  sequence  of  start  transient  events  is  as  follows: 

°  28  volts  is  applied  to  the  valve  at  time  zero. 

°  An  immediate  rise  in  current  and  movement  of  the 

torque  motor  armature  is  observed.  The  movement  of  the  torque  motor  is 
detected  as  vibration  by  the  three  crystal  load  cells  which  form  the  dynamic 
thrust  measurement  system.  The  filtered  dynamic  thrust  trace  shows  the  net 
force  on  the  stand  to  be  zero  due  to  valve  movement. 

°  Flow  into  the  injector  is  detected  by  the  drop  in 
feed  line  pressures,  using  fast-response  Kulite  pressure  transducers  located 
at  the  valve  inlets. 


°  The  completion  of  valve  travel  is  noted  by  the  spike 
in  F  dynamic  (unfiltered)  as  the  torque  motor  armature  hits  the  mechanical 
stops. 


°  Ignition  is  sensed  by  F  dynamic  (filtered)  and  Pc 
rise.  The  Pc  rise  is  highly  damped  by  the  .004  by  .010  in.  sensing  passage 
in  the  injector,  leading  from  the  injector  face  to  the  transducer  boss, 
approximately  0.5"  away. 
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6.5,  Test  Data  Evaluation  (cont.) 


0  The  rise  in  F  dynamic  (filtered)  is  delayed  and 
rounded  slightly  by  the  electronic  filter. 


The  slow  responding  static  thrust  measurement  does  not 

provide  data. 

The  sequence  of  events  in  the  shutdown  transient  is  as 

follows: 

°  The  voltage  drops  when  power  to  the  valve  is 

removed. 

°  Valve  motion  is  detected  first  by  the  drop  in  F 
dynamic  and  then  by  the  rise  in  feed  line  pressure  as  the  valve  ports  are 
closed.  These  events  take  place  within  .001  sec  of  each  other. 


°  The  feed  system  pressure  rings  at  the  natural 
frequency  of  the  lines.  The  dynamic  force  rings  at  the  very  high  stand  fre¬ 
quency.  The  spikes  in  F  dynamic  are  due  to  the  torque  motor  returning  to  the 
mechanical  stops  in  the  closed  position. 

°  The  decay  in  the  filtered  dynamic  thrust  measure¬ 
ment  is  delayed  slightly  because  of  the  electronic  filter. 

°  The  drop  in  Pc  is  highly  damped  because  of  the  vol¬ 
ume  of  gas  and  liquid  propellant  trapped  in  the  cavity  between  the  transducer 
diaphragm  and  the  end  of  the  threaded  boss.  This  volume  of  fluid  must  be 
discharged  via  the  .004  x  .010  port. 


The  start  and  shutdown  response  can  best  be  observed 
from  a  relatively  long  pulse  where  there  is  sufficient  time  to  completely 
damp  out  the  start  transient  effects  before  encountering  the  shutdown  tran¬ 
sients. 


Figures  6-18  through  6-21  show  typical  engine  pulses 
under  varying  operating  conditions. 

Figure  6-18  is  the  14th  .120  sec  pulse  of  a  sequence 
conducted  at  1  pulse  per  minute. 
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GROUP  5  PULSE  1 


Fiqwre  6-19.  Engine  Pulse,  EPW  -  .030  sec.  Pulse  #1 
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GROUP  5  PULSE  200 


Figure  6-20.  Engine  Pulse,  EPW  =  .030  sec.  Pulse  # 2 
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6.5,  Test  Data  Evaluation  (cont.) 


Figure  6-19  is  the  first  .030  sec  pulse  of  a  sequence 
conducted  at  1  pulse  per  5  sec. 


Figure  6-20  is  the  200th  .030  sec  pulse  of  the  same 


series. 


Figure  6-21  is  the  2nd  .100  sec  pulse  of  a  sequence 
having  5  sec  between  pulses.  These  data  provide  the  following  results: 


.004  sec. 


1)  Time  from  start  signal  to  start  of  flow  is  .003  to 


2)  Time  from  start  signal  to  ignition  is  .009  to  .010 
sec  for  a  cold  engine  and  .005  sec  for  a  warm  engine  ( i . e . ,  pulse  200  of  duty 
cycle  5). 


3)  The  thrust  rise  rate  is  very  rapid  (less  than  .002 
sec)  but  cannot  be  determined  exactly  because  the  filtration  alters  the  rise 
rate  of  the  thrust  measurement.  The  raw  signal  cannot  be  interpreted  due  to 
the  interference  of  the  valve  vibration. 

The  shutdown  transients  cannot  be  based  upon  chamber 
pressure  measurement  due  to  the  highly  damped  response. 

0  Valve  closure  follows  the  signal  to  close  by  less 

than  .001  sec. 

°  The  thrust  decay  is  delayed  by  about  .002  sec.  This 
could  be  influenced  by  the  filter  electronics,  and  the  decay  in  thrust  may 
actually  start  within  .001  sec. 

°  The  final  tail-off  in  thrust  is  noted  to  last  up  to 
.030  sec  after  FS-2  when  the  engine  is  warm,  as  was  shown  in  Figure  6-17. 

This  is  due  to  flow  from  the  Pc  tap  and  residual  propellant  boiling  off  the 
chamber  wall,  as  well  as  the  residual  propellant  contained  in  the 
ma  n  i  f  o  1  d  i  ng . 

The  response  demonstrated  by  the  Phase  III  design  was 
found  to  meet  the  contract  goals. 


6.5,  Test  Data  Evaluation  (cont.) 


6.5.2  Pulse  Repeatability 

Pulse  testing  consisted  of  a  series  of  pulses  having  the 
burn  and  coast  times  defined  in  Table  6 -V 1 1 1 .  Because  of  the  large  volume 
of  data,  only  selected  pulses  were  recorded  and  processed. 

Data  were  recorded  on  an  on-line  oscillograph  and  a 
digital  recording  system.  The  digitized  recording  rate  was  11,000  samples 
per  second.  Impulse  bits  were  obtained  by  numerical  integration  of  the 
force-time  measurenent  from  the  start  of  each  pulse  to  0.025  sec  after  the 
valve  voltage  drops  from  "28"  to  "0"  volts.  The  impulse  developed  between 
0.025  and  0.050  sec  after  voltage  termination  is  reported  as  the  coast 
impulse. 


Representative  data  traces  from  the  analog  recorder  are 
shown  in  Figures  6-18  through  6-21.  The  I-Bit  repeatabil ity  appears  to  be 
more  consistent  for  the  initial  pulses  when  the  engine  is  cold.  The  200th 
pulse  in  group  5  of  Figure  6-20  produced  a  hard  start,  probably  due  to  an 
accumulation  of  unreacted  propellant  on  the  chamber  wall,  and  also  produced  a 
higher  impulse  bit. 


The  number  of  pulses  in  each  pulse  train  were  selected 
to  provide  a  reasonable  compromise  between  pulse  quantity,  total  facility 
utilization  time,  and  the  data  storage  limits  of  the  data  discs.  The  initial 
series  pulsed  at  1  pulse  per  minute.  Data  for  15  successive  pulses  were 
recorded.  These  data  were  processed  to  define  single  pulse  I-Bits  and  also 
the  average  of  5  successive  pulses. 

Pulse  trains  of  200  to  3000  pulses  were  planned  at  the 
faster  pulse  rates.  Data  were  recorded  for  the  first  and  last  15  pulses  of 
the  group.  Appendix  C  documents  some  of  the  individual  pulse  data  recorded, 
indicating  the  I-Bit  integral  and  coast  impulse  as  well  as  representative 
hardware  temperatures.  The  5  pulse  average  data  is  summarized  in  Table  6-X. 
Figure  6-22  is  a  composite  of  all  data  obtained  on  Test  512,  which  was  run  in 
11  parts  and  contained  12  different  combinations  of  pulsing  rates.  The  data 
of  Figure  6-22  show  a  nearly  linear  relationship  between  EPW  (Electrical 
Pulse  Width  measured  in  sec)  and  I-Bit  (in  IbF-sec).  The  3  data  bands 
consider  only  the  first  15  pulses  of  each  group.  The  offsets  in  the  bands 
reflect  the  pulsing  rate.  The  lowest  impulse  bit  for  a  given  EPW  is  devel- 
■  pp'1  af  slow  pulse  rates,  1  to  12  per  min,  where  the  chamber  remains  cold  and 
*’.»>  minifoHs  are  completely  empty  at  the  start  of  each  pulse.  The  highest 
,  ,  s,>  hits  are  obtained  at  a  given  rPW  at  a  pulse  rate  of  500  PPM,  with  the 
'.redictably  falling  in  b  /een.  Higher  chamber  wall  tempera- 
•  .  *  /••V'-g  a  more  effective  utilization  of  the  residual  propellants, 

■  ,  '  ►  ■  tr  'pr  j  ,1  s  i  ng  rates . 
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TA3LE  G-X  {cont. 


IMPULSE  BIT  LBF  SEC 


6.5,  Test  Data  Evaluation  (cont.) 


The  dashed  line  in  figure  6-22  identifies  the  I-Bit  for 
the  last  15  pulses  for  the  middle  data  band.  Only  a  small  difference  between 
the  beginning  and  final  pulses  are  noted. 

Figures  6-23,  -24,  and  -25  provide  the  same  data  on  3 
separate  figures.  The  slope  of  the  lines  shows  the  impulse  to  be  linear  with 
FPW  between  .03  sec  and  .60  sec  and  nearly  linear  between  .010  sec  and  .03 
sec. 


The  data  shown  in  Figures  6-26,  -27  and  -28  display  the 
pulse-by-pulse  I-Bit  repeatabil ity  for  EPW  values  of  0.6,  .030,  and  .010  sec. 
The  impulse  repeatabi 1 i ty  at  .6  sec  EPW  is  +  1.7%.  The  program  goal  of  pro¬ 
viding  I-Bit  capabilities  of  less  than  .005  lbT-sec  with  a  repeatabi 1 ity  of  + 
.0005  is  displayed  in  Figure  6-28.  Data  for  pulse  rates  of  1  and  12  pulses 
per  minute  are  shown  to  fall  within  the  acceptable  band. 

A  more  complete  set  of  plots  for  all  pulse  data, 
including  the  15  pulses  at  end  of  the  long  pulse  trains,  is  shown  in  Figure 
6-29.  The  I-Bit  is  consistently  higher  for  the  last  15  pulses  of  the  series 
than  for  t he  first  15  due  to  the  hotter  chamber  wall,  as  discussed  in  the 
Phase  II  results.  Ihese  differences  appear  to  be  small  and  predictable. 

The  drop  in  I-Bit  for  each  successive  group  of  5  pulses 
in  pulse  series  1  may  result  from  injector  refrigeration  caused  by  the  vacuum 
evacuation  of  liquid  propellant  from  the  injector  manifolding.  However, 
there  is  no  data  to  substantiate  this  hypothesis. 

Ihc  el  feet  of  coast  time  on  I-Bit  is  displayed  in  figure 
e-30.  Here  it  can  be  seen  ’.fiat  faster  pulsing  rates  provide  slightly  higher 
impulse  bits  for  the  same  I  PW. 

The  trends  of  the  impulse  data  are  sufficiently  consis¬ 
ted  to  lend  credibility  to  the  measurements.  The  data  indicate  that  the 
program  M 1 13  and  MIB  repeat  ability  goals  have  been  achieved. 

The  fact  that  the  injector  oxidizer  orifice  enlarged  and 
'ha*  ‘fie  f'w  shifted  during  t  fie  pulse  test  is  not  obvious  in  these  data.  The 
1  ejector  failure  mode  did  not  appear  to  degrade  the  engine  pulse  capability. 
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Figure  6-23.  I-Bit  vs  EPW,  First  3  Groups  of  5 
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Figure  6-25.  I-Bit  vs  EPW,  First  3  Groups  of  5 
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Figure  6-28.  Test  Data  for  .010  sec  EPW  -  First  15  Pulses 
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Figure  6-29.  Impulse  Bit  Repeatability 
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6.5.3  Engine  Specific  Impulse 
6.5.3. 1  Steady-State 

The  steady-state  specific  impulse,  C*  and  Cf  data 
were  displayed  in  Tables  6-VII  and  6-IX.  The  data  summary  periods  vary  from 
5  sec  duration  in  the  early  part  of  the  test  to  50  sec  of  burn  duration  at 
the  end  of  the  test.  The  overall  test  average  is  also  shown. 

No  data  are  displayed  for  the  first  0.5  sec  as  the 
response  of  the  large  PDFM  is  too  slow  to  provide  valid  data.  The  larger 
data  summary  periods  provide  more  accurate  propellant  consumption  data  as 
measured  by  the  linear  displacement  of  the  flow  measurement  system. 

Figure  6-31  shows  the  Isp  versus  firing  time  for 
Engine  SN  22.  The  performance  is  observed  to  increase  with  time  at  high 
pressures.  The  chamber  wall  heats  from  ambient  temperatures  to  a  steady- 
state  value  during  this  period.  This  rise  in  performance  is  due  to  reduced 
thermal  losses  from  the  hot  gas  to  the  cold  wall  and  also  the  regression  of 
the  liquid  film  coolant  length  along  the  chamber  wall  as  the  heat  is  con¬ 
ducted  from  the  throat  to  the  forward  end  of  the  chamber.  The  data  indicate 
that  150  to  200  seconds  of  burn  time  is  required  to  reach  maximum  specific 
impulse. 

At  lower  pressures,  the  performance  decreased  signif¬ 
icantly  at  about  20  sec  into  the  test.  This  drop  in  performance  is  appar¬ 
ently  a  thermally  induced  effect,  since  it  is  accompanied  by  a  rapid  rise  of 
the  head  end  temperature  and  the  onset  of  rough  combustion.  The  rise  in  head 
end  temperature  due  to  heat  conduction  along  the  chamber  wall  triggers  the 
combustion  roughness,  which,  in  turn,  causes  a  reduction  in  specific  impulse. 

The  data  of  Figure  6-31  also  show  that  higher  per¬ 
formance  levels  are  attained  at  higher  operating  pressure. 

Figure  6-32  shows  the  relation  between  vacuum  thrust 
and  steady-state  specific  impulse.  Three  performance  curves  are  shown  for  SN 
21  Engine.  The  dashed  line  corresponds  to  the  time  period  from  0.5  to  5  sec. 
The  lower  solid  line  corresponds  to  the  full  test  average,  using  the  prefire 
calibration  and  thrust  "zero"  position.  The  upper  set  of  data  corresponds  to 
the  last  20  sec  of  burn,  when  the  chamber  is  at  maximum  temperature  and  the 
thrust  measurement  is  corrected  to  the  postfire  zero.  The  latter  is  con¬ 
sidered  to  be  the  most  valid  data  as  it  eliminates  thermal  drift  in  the 
measurement  system  during  the  long  burn  periods.  The  correction  to  postfire 
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6.5,  Test  Data  Evaluation  (cont.) 


zero  altered  the  Isp  performance  up  to  10  sec  during  testing  of  SN-21.  SN 
22  data  showed  little  change  in  "zero"  position  during  the  long  tests;  thus 
no  correction  was  necessary. 

Figure  6-33  provides  the  "end-of-test"  steady-state 
specific  impulse  and  uncorrected  C*  for  the  two  engines  tested.  The  pre-  to 
postfire  zero  shift  for  the  second  engine  testing  was  very  small.  The  dif¬ 
ferences  in  performance  of  the  two  units,  as  thrust  is  reduced,  are  attrib¬ 
uted  to  the  injector  pressure  drop.  The  second  unit  has  lower  injection 
velocity. 


Figure  6-33  also  provides  a  comparison  of  the  data 
obtained  with  radiation-cooled  and  insulated  chambers.  The  insulated 
chambers  provide  higher  performance  because  of  a  reduction  in  heat  loss. 

Both  specific  impulse  and  C*  measurements  are  noted  to  improve  when  the 
chamber  is  insulated.  The  improvement  in  Isp  performance,  when  the  insula¬ 
tion  was  added,  was  greater  on  SN-21  than  on  SN-22.  The  reason  for  this 
difference  cannot  be  identified  from  the  limited  test  data.  It  is  possible 
that  it  could  be  a  measurement  error,  since  the  differences  are  within  the 
measurement  error  band. 

Figure  6-34  displays  the  Isp  consistency  at  a  given 
chamber  pressure  over  mixture  ratio  variations  from  approximately  1.5  to  1.9. 

The  experimental  nozzle  Cf  values,  derived  from 
selected  tests,  were  shown  in  Tables  6-VII  and  6-1 X  and  are  displayed  in 
Figure  6-35.  These  are  noted  to  increase  with  time  and  temperature.  The 
dotted  lines  show  Cf  values  based  on  the  area  of  the  heated  throat,  rather 
than  on  the  prefire  measurements.  Use  of  the  throat  area,  corrected  to  the 
measured  temperature,  tends  to  reduce  the  rise  in  Cf  with  temperature. 

A  boundary  l^yer  thickness  change  resulting  from 
chamber  wall  heating  provides  a  possible  explanation  for  the  increase  in  Cf 
with  time.  The  data  show  that  the  experimental  Cf  is  88  to  90%  of  the 
theoretically  predicted  value,  based  on  an  assumed  ODE  analysis. 

The  maximum  performance  measured  in  this  test  series 
was  at  full  thrust  with  an  insulated  chamber  and  a  high  pressure  drop  injec¬ 
tor.  The  achieved  Isp  of  268  sec  is  less  than  the  280  sec  program  goal. 


Analysis  of  the  data  to  establish  the  source  of  the 
Isp  loss  is  difficult  as  a  result  of  the  small  size  of  the  hardware  and  the 
dimensional  changes  that  take  place  with  heating.  The  Isp  for  the  perfect 
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Figure  6-35.  Nozzle  C-  Correlation 
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injector  and  an  optimum  100:1  area  ratio  nozzle  contour  is  315  sec.  The  noz¬ 
zle  contour  was  selected  by  using  BLIMP  model  analyses  with  adjustments  to 
account  for  the  predicted  adiabatic  wall  boundary  layer  displacement  thick¬ 
ness.  This  led  to  a  143:1  geometric  contour  in  order  to  provide  for  a 
100:1  area  ratio  aerodynamic  contour.  The  contract  testing  did  not  provide 
sufficient  data  to  validate  this  design  assumption.  If  the  design  analysis 
is  assumed  to  be  correct,  the  performance  losses  in  the  insulated  chamber  at 
steady-state  would  be  3%  due  to  nozzle  and  lit  due  to  energy  release  loss. 

The  energy  release  loss  includes  both  vaporization  and  mixture  ratio  maldis¬ 
tribution.  Most  of  the  mixture  ratio  maldistribution  is  a  result  of  the 
fuel-rich  condition  at  the  wall. 

A  view  of  the  axial  temperature  profile,  leads  to  the 
conclusion  that  the  amount  of  fuel  in  the  outer  stream  tube  of  the  injector 
is  "marginal  to  adequate”  for  protecting  and  cooling  the  chamber  head  end  and 
excessive  for  cooling  the  throat  region.  This  results  in  a  recommendation  to 
provide  additional  mixing  to  improve  the  performance.  Mixing  can  be  obtained 
by  increasing  the  chamber  length;  however,  this  would  result  in  greater  heat 
removal  from  the  combustion  gas  during  the  thermal  transients  and  could  lower 
the  short  burn  and  pulsing  performance.  Therefore  the  recommended  methods  of 
improving  the  mixing  without  increasing  chamber  length  or  changing  the  injec¬ 
tor  design  are  to  modify  the  chamber  contour  as  shown  in  Figure  6-36,  where 
various  turbulence  producing  devices  are  considered. 

The  use  of  these  devices  could  also  eliminate  the 
combustion  roughness  experienced  at  low  pressure  operation  if  the  source  of 
the  roughness  is  the  accumulation  and  intermittent  burning  of  propellant 
which  is  only  partially  reacted  due  to  poor  injector  mixing. 

6. 5. 3. 2  Pulse  Performance 

Phase  II  did  not  provide  sufficient  pulse  testing  data 
with  the  micro-PDFM's  to  allow  definition  of  the  pulse  specific  impulse  of 
the  Phase  III  design. 
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6.5.4  Thermal  Data  Evaluation 

6.5.4. 1  Steady-State  Blowdown  Thermal  Characteristics 

The  measured  engine  temperatures  obtained  in  the  Phase 
III  testing  are  documented  in  Appendix  E. 

The  steady-state  axial  temperature  profiles  for  SN  21 
Engine  at  thrust  levels  of  .21,  .29  and  .45  lb  thrust  are  shown  in  Figure 
6-37.  The  effect  of  insulating  the  chamber,  as  shown  in  the  engine  drawing, 
is  to  increase  the  temperatures  about  200°F.  No  throat  temperature  measure¬ 
ments  were  made  in  the  radiation-cooled  mode  on  this  assembly.  The  maximum 
temperature  in  the  buried  mode  was  slightly  greater  than  2000°F. 

The  data  shown  in  Figure  6-37  indicate  that  the  head 
end  temperatures  of  the  chamber,  the  valve,  and  the  injector  remain  in  an 
acceptable  range.  Similar  data  for  Engine  SN  22  are  provided  in  Table  6-XI 
and  Figure  6-38.  The  increase  in  throat  temperatures,  starting  with  Test 
521,  is  due  to  the  addition  of  insulation.  Comparison  of  the  temperature 
measurements  for  Engine  SN  21  and  22  in  Figure  6-39  shows  the  2  units  to  be 
essentially  identical  in  the  insulated  mode. 

The  second  engine  tested  provided  a  direct  throat 
temperature  measurement  in  the  radiation  mode.  The  addition  of  insulation 
increased  the  throat  temperature  from  1652°F  to  approximately  2000°F.  The 
throat  temperatures  tended  to  drift  up  over  the  life  of  the  engine,  reaching 
about  2100°F  after  eight  hours  of  total  burn  time. 

This  thermal  drift  is  believed  to  be  caused  by  a 
change  in  the  thermocouple  junction  calibration  due  to  diffusion  of  the  sili- 
cide  coating  into  the  junction.  This  effect  has  been  reported  in  industry 
1 iterature. 

An  addition  of  a  temperature  measurement  at  the 
uncooled  columbium  weld  joint  of  the  bimetallic  transition  ring  and  machined 
columbium  chamber  (TG  180)  was  made.  The  data  obtained  indicated  that  the 
uncoated  columbium  weld  was  operating  at  approximately  1600°F.  Although  this 
is  higher  than  desired  from  an  oxidation  standpoint,  there  appeared  to  be  no 
adverse  reaction  on  the  chamber  exterior  during  the  8  hours  of  testing 
completed. 

The  temperature  at  the  SS-Cb  transition  was  about 
926 °F  at  the  nominal  mixture  ratio  of  1.65  and  increased  to  nearly  1100°F  at 


Figure  6-37.  Axial  Temperature  Profile,  Engine  SN  21 
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Figure  6-38.  Axial  Temperature  Profile,  Engine  SN  22 
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6.5,  Test  Data  Evaluation  (cont.) 


a  mixture  ratio  of  1.9  in  Test  523.  The  predicted  steady-state  and  soakout 
values  at  a  MR  of  1.65  were  616°F  and  980°F,  respectively.  The  measured 
soakout  temperature  was  1022°F,  very  close  to  the  prediction.  This  tempera¬ 
ture  determines  the  thermal  cyclic  life  of  the  joint.  The  Phase  I  life  cycle 
analyses  indicated  that  the  maximum  temperature  of  this  joint  is  the  con¬ 
trolling  parameter  on  the  thermal  cyclic  life  of  the  engine.  A  temperature 
of  1000°F  equates  to  approximately  1000  full  thermal  cycles.  The  limits  of 
steady-state  operation  have  not  been  defined  and  could  best  be  accomplished 
by  further  testing. 


The  influence  of  chamber  pressure  on  the  steady-state 
operating  temperature  of  both  engines  operating  in  the  radiation-cooled  mode 
was  shown  in  Figure  6-39.  Varying  the  chamber  pressure  between  50  psia  and 
120  psia  has  only  a  minor  influence  on  the  operating  temperature  at  each  loca¬ 
tion.  The  thermal  characteristics  of  both  engines  are  nearly  identical. 

6. 5.4.2  Postfire  Heat  Soak 

Small  engines  often  encounter  operating  limitations 
due  to  the  postfire  heat  soak  from  the  hot  chamber  to  the  injector  and  valve. 
The  chamber  head  end  is  therefore  designed  to  provide  sufficient  thermal 
resistance  to  minimize  the  heat  soakback  that  usually  occurs  after  a  long 
burn. 


Test  data  showing  the  postfire  heat  soak  under  a 
variety  of  operating  conditions  is  provided  in  the  plots  of  Appendix  E. 
These  data  show  the  following  locations  to  experience  a  temperature  rise  on 


shutdown. 

T  Weld 

«  Bimetallic  interface 

TS 

=  Stainless  steel  thermal  standoff 

TL 

=  Stainless  steel  structural  support  (leg) 

TV8 

=  Val ve  body 

TPC 

=  Pressure  tap  boss 

TJB 

=  Injector  backside 

All  other  locations  experienced  maximum  operating  temperatures  during  firing. 

The  time  required  for  the  chamber  to  reach  steady- 
state  operating  temperature  is  approximately  100  to  150  sec.  The  valve  body 
temperature  continues  to  rise  slowly  for  about  600  sec,  and  the  cover  reaches 
thermal  equilibrium  at  about  900  sec.  This  is  based  on  the  data  from  Test 
528  which  was  2463  sec  in  duration. 
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Table  6-XII  provides  a  summary  of  Test  528  measure¬ 
ments,  demonstrating  a  worst  case  thermal  soak  condition. 

TABLE  6-XII 


POSTFIRE  HEAT  SOAK  FOLLOWING  TEST  528 
FULL-THRUST  INSULATED  CHAMBER 


LOCATION 

STEADY-STATE 
TEMP.  °F 

MAX.  SOAK 
TEMP.  °F 

TIME  OF  MAX.  TEMP 
AFTER  SHUTDOWN 

SEC  AFTER  FS-2 

TS 

288 

645 

20 

T  Weld 

926 

1022 

10 

TL 

335 

534 

20 

T  Pc 

180 

205 

86 

TVB 

117 

160 

66 

TJB 

255 

343 

20 

TVC 

228  Max. 

228 

0 

Tg 

1605 

1605 

0 

None  of  the  above  soak  conditions  caused  operational  problem  within  the 
limits  of  testing  on  the  program.  Areas  which  could  become  limiting  for  a 
long  life  chamber  include: 

(1)  The  bimetallic  interface  (T  weld),  due  to  the 
relative  differences  in  material  expansion 
coefficients. 

(2)  TJB  (the  injector  backside),  due  to  creep  of  the 
Teflon  valve  seats  with  time.  Since  the  actual 
time  at  temperature  is  very  short,  the  343  peak 
value  may  not  be  a  problem,  although  this  should 
be  evaluated  further. 

The  valve  body  soakout  temperature  of  160°F  would  not  be  a  problem  in  a  hot 
restart  if  the  chamber  pressure  were  kept  above  110  psia.  A  worst  case 
restart  would  exist  at  a  chamber  pressure  below  110  psia.  The  N2O4  in 
the  valve  body  at  the  valve  body  temperature  of  160°F  would  cause  the  oxi¬ 
dizer  to  flash  at  the  injector  orifice.  This  would  cause  a  shift  in  mixture 
ratio  to  a  fuel-rich  condition  until  the  valve  body  had  cooled  down. 


6.5,  Test  Data  Evaluation  (cont.) 


Additional  postfire  heat  soak  data  for  the  two  engines 
tested  in  the  radiation-cooled  and  insulated  chamber  modes  is  defined  in 
Table  6-XIII. 


6. 5.4. 3  Thermal  Pulsing  Characteristics 

Pulsing  operation  is  generally  less  severe  at  the  high 
temperature  region  of  the  chamber  because  there  is  sufficient  time  between 
pulses  to  conduct  the  heat  to  cooler  zones.  The  normally  cooler  zones  in  the 
head  end  of  the  chamber  can  run  hotter  in  pulsing  operation  if  the  rate  of 
heat  soak  from  the  throat  region  exceeds  the  rate  of  heat  loss  to  the  valve 
and  structure.  The  valve-injector  interface  temperature  is  limited  by  the 
vapor  pressure  of  the  N2O4  (vapor  lock)  and  by  the  Teflon  shutoff  element 
in  the  valve  that  is  in  contact  with  the  injector. 

The  temperature  of  the  engine  at  the  injector  inlet  is 
normally  measured  by  the  parameter  TJB;  however,  this  measurement  was  non¬ 
functional  on  Engine  SN  21.  The  nearest  fast  responding  measurement  was  on 
the  steel  chamber  sleeve  (TS)  about  0.3  in.  away.  The  TS  location  is 
normally  hotter  than  the  TJB  location  and  operates  at  the  fuel  saturation 
temperature  (  320°F  at  full  thrust).  TS  270  was  selected  as  the  critical 
location  for  evaluating  the  limits  of  safe  pulsing.  Starting  the  engine 
should  be  safe  as  long  as  TS  270  is  less  than  320°F. 

The  thermal  data  recorded  in  the  pulse  series  Test  512 
is  documented  in  Appendix  F.  These  data  consist  of  plots  of  TS  270  versus 
pulse  number  and  tables  of  other  temperatures  at  the  start  and  end  of  each 
pulse  for  which  data  were  processed.  The  temperature  TS  270/2  at  the  end  of 
pulse  15  and  also  at  the  end  of  each  pulse  group  is  shown  in  Figure  6-40. 

This  temperature  is  plotted  versus  "%  Duty  Cycle"  (expressed  as  on  time/time 
between  pulse  starts).  During  testing,  all  pulse  tests  were  terminated  if 
the  TS  axial  station  exceeded  450°F,  except  in  Group  12,  where  the  limit  was 
increased  to  1000°F.  A  number  of  the  low  duty  cycle  pulse  groups  attained 
thermal  equilibrium  temperatures  which  were  well  below  320°F. 

Figure  6-38  shows  that  continuous  pulsing  is  possible 
up  to  a  4%  duty  cycle  by  using  a  TS  £  320°F  criteria.  The  dark  circles  indi¬ 
cate  where  equilibrium  temperatures  were  achieved.  A  minimum  of  15  succes¬ 
sive  pulses  could  be  conducted  up  to  a  duty  cycle  of  £  20%,  if  the  chamber  is 
cold  at  the  start  of  testing.  This  observation  should  be  confirmed  by  addi¬ 
tional  testing,  since  it  represents  only  one  engine  and  one  test  series.  The 
number  of  continuous  pulses  required  to  reach  450°F  for  a  data  group  is  indi¬ 
cated  in  the  boxes  above  each  pulse  group  where  temperatures  continued  to 
rise  above  320°F. 
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Figure  6-40.  Temperatures  vs  Pulse  Number 


6.5,  Test  Data  Evaluation  (cont.) 


The  higher  head  end  temperature  observed  in  the  10% 
duty  cycle  could  be  the  cause  or  result  of  the  injector  oxidizer  orifice 
enlargement.  Since  the  orifice  enlargement  increased  the  mixture  ratio,  it 
can  be  expected  that  the  fuel  film  cooling  will  be  less  effective  and  the 
head  end  will  be  hotter. 

Additional  pulse  testing  is  required  before  more 
specific  conclusions  can  be  drawn. 
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TEST  512  DATA  EVALUATION 


7.0  TEST  512  DATA  EVALUATION 

7.1  TEST  OBJECTIVES 

The  objectives  of  this  test  were  to  1)  identify  potential  duty 
cycle  limitations  resulting  from  evaporative  chilling  or  heat  pump  up;  2) 
characterize  impulse  bit  repeatability  and  minimum  impulse  bit  capability;  3) 
obtain  estimates  of  pulse  performance. 

7.2  TEST  RESULTS 

The  fire  testing  of  Engine  SN  21  was  intended  to  accumulate  a 
total  pulse  quantity  of  10,546,  with  an  accumulated  on-time  of  over  800  sec 
at  each  of  the  3  tank  pressure  settings.  The  planned  test  program  and  the 
actual  fire  testing  pulse  quantities  and  durations  are  summarized  in  Table 
6 -VI II.  The  actual  fire  test  program  departed  from  the  planned  activity  in 
the  latter  tests  (pulse  groups  8  through  12),  which  were  limited  by  the  over¬ 
heating  of  the  forward  end  of  the  thrust  chamber.  This  resulted  in  the  temp¬ 
erature  "kill"  condition  of  450°F,  terminating  the  various  pulse  series  prior 
to  the  accumulation  of  the  programmed  pulse  quantities.  Table  6-VIII  also 
displays  the  pulse  quantities  at  which  each  pulse  group  terminated. 

The  final  test  of  the  pulse  group  was  intended  to  be  a  three 
hundred  second  continuous  burn  which  would  have  been  a  repeat  of  previously 
demonstrated  long  duration  operation.  This  firing  was  terminated  at  about 
five  seconds  when  the  chamber  head  end  temperature  reached  1000°F. 

7.3  TEST  DATA  EVALUATION 

The  data  obtained  on  the  pulse  mode  test  series  included: 
temperatures,  impulse  bit,  propellant  consumption,  and,  in  some  instances, 
chamber  pressure.  Pc  data  was  not  available  on  the  earlier  firings  appar¬ 
ently  due  to  a  blocked  .010  in.  diameter  port  leading  to  the  pressure  trans¬ 
ducer.  The  latter  tests  provided  Pc  pressure  traces,  since  the  blockage  was 
apparently  corrected  by  the  effects  of  pressure  and  temperature. 

The  Pc  pressure  traces  did  not,  however,  provide  rapid  response 
information  as  they  lagged  measured  thrust  by  about  0.020  sec.  Thus  the  most 
useful  data  in  the  comparison  of  pulse-to-pulse  operation  was  that  from  the 
highly  responsive  dynamic  thrust  measurement  system.  Some  of  these  data, 
shown  in  Figure  7-1,  clearly  displayed  transient  and  steady-state  operation. 
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The  initial  Pulse  Group  consisted  of  0.01  sec  ontimes  with  60.0 
sec  coasts.  Early  and  late  pulses  of  this  fifteen  pulse  series  are  shown  in 
the  Figure.  This  was  followed  by  Pulse  Group  2  with  0.03  sec  on-times  and 
60.0  sec  periods  between  pulses.  Pulse  numbers  2-2,  -11,  -12,  and  -15  are 
also  shown.  Pulses  -12  and  -15  show  a  slightly  greater  spike  at  start. 

Pulse  Group  3  operated  with  0.12  sec  on-times  and  60.0  sec 
coasts  for  fifteen  pulses.  Early  and  late  pulses  indicate  operation  which  is 
the  same  as  the  prior  series.  The  subsequent  Pulse  Series  4  had  0.01  sec 
on-tiines  with  5.0  sec  coasts.  These  pulses  incurred  start  transients  with 
larger  and  more  frequent  start  spikes.  Early  and  later  pulses  in  the  series 
were  very  similar.  These  are  shown  by  the  traces  of  pulse  numbers  4-2,  -11, 
-12,  -186,  -195  and  -200.  The  final  pulse  of  the  series  (pulse  No.  -200)  had 
a  very  large  start  spike  which  is  indicated  by  a  300%  deflection  in  the 
thrust  trace. 

It  should  be  noted  that  only  the  first  and  last  15  pulses  were 
monitored  in  each  series.  Thus  there  are  no  oscillograph  traces  for  the 
pulses  between  16  and  185. 

Pulse  Group  5  ran  0.03  sec  on-times  with  5.0  sec  coasts.  There 
were  200  pulses  completed.  The  early  pulses  showed  ignition  spikes  on  about 
five  of  the  fifteen  pulses  recorded.  These  are  illustrated  by  pulses  5-5, 

-7,  -9,  -11,  and  -14.  The  subsequent  pulses  at  the  end  of  the  series  display 
entirely  different  transient  characteristics,  with  little  evidence  of  an 
ignition  spike  (ref.  pulses  5-187  and  -195).  The  final  pulses  showed  a 
higher  thrust  than  the  early  pulses  of  Pulse  Group  5.  An  increase  in  the 
thrust  and  impulse  is  normally  expected  when  the  chamber  is  hotter,  as  dis¬ 
cussed  in  previous  sections. 

Pulse  Group  6  operated  for  on-times  of  0.10  sec  with  5.0  sec 
coasts.  Two  series  of  200  pulses  were  made.  The  first  series  displayed 
bi-level  operation  on  about  one  third  of  the  initial  15  pulses.  The  final 
pulses  had  the  same  soft  start  characteristics  of  those  seen  at  the  end  of 
Pulse  Group  5.  Pulse  numbers  6-2,  -4,  -5  and  -15  show  the  early  firings. 

The  subsequent  firings  are  shown  by  pulses  6-187  and  -200.  The  higher  thrust 
portion  of  the  bi-level  tests  appears  to  match  that  of  the  final  pulses. 

Pulse  Group  6  was  repeated  following  the  discovery  of  the  bi¬ 
level  operation.  This  series  is  described  as  6R  in  Figure  7-1.  The  repeat  of 
Pulse  Group  6  did  not  reproduce  the  bi-level  operation;  start  transients  on 
the  early  pulses  were  quite  normal  and  similar  to  those  of  series  2  and  3. 

This  is  shown  by  traces  from  pulses  6R-4,  -8  and  -14.  The  traces  from  the 
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final  pulses  of  this  series,  6R-187  and  -200,  are  very  similar  to  those  of 
the  latter  part  of  the  first  Pulse  Group  6.  The  initial  conclusion  during 
the  testing  was  that  the  engine  was  operating  normally. 

Pulse  Group  7  had  0.02  sec  on-times  with  coasts  of  1.0  sec. 
Traces  from  some  of  the  first  and  last  fifteeen  pulses  of  this  300  pulse 
series  are  also  shown  in  Figure  7-1.  Traces  from  pulses  7-1,  -15,  and  -190 
are  typical;  none  show  the  ignition  spike  evident  on  earlier  firings. 

Pulse  Group  8  ran  0.1  sec  on-times  and  0.9  sec  coasts  for  a 
series  of  155  pulses.  The  traces  from  pulses  8-1  and  -14  are  typical  of  this 
series.  Testing  was  terminated  when  the  TS  measurement  reached  450°F  after 
pulse  -155. 


Pulse  Group  9  ran  0.015  sec  on-times  and  coasts  of  0.135  sec.  Typical 
traces  are  shown  by  pulses  9-2,  -337,  -696  and  -950.  Random  data  sampling  in 
this  series  provided  the  traces  for  pulses  -696  and  -950.  There  was  no  evi¬ 
dence  of  an  ignition  spike  on  any  of  the  pulses.  Testing  terminated  after 
pulse  -962  when  TS  reached  450°F. 

Pulse  Group  10  ran  0.030  sec  on-times  and  coasts  of  0.12  sec. 
Data  fran  pulses  10-2,  -15  and  -169  are  shown  in  Figure  7-1.  There  were 
several  small  start  spikes  evident,  although  most  pulses  were  like  those  of 
series  9.  The  Pulse  Group  10  series  was  stopped  at  pulse  -171  (although  3000 
had  been  planned)  when  the  chamber  head  end  indicated  450°F. 

Pulse  Series  11  had  on-times  of  0.045  sec  with  coasts  of  0.105 
sec.  Typical  traces  from  pulses  11-2  and  -65  are  shown.  There  was  no  evi¬ 
dence  of  start  spikes.  Again,  the  series  was  terminated  due  to  high  head  end 
temperatures  after  81  pulses. 

Pulse  Series  12  had  on-times  of  0.60  sec  with  coasts  of  1.40 
sec.  It  was  programmed  for  300  pulses  but  was  terminated  at  pulse  21  due  to 
high  head  end  temperatures.  Pulse  traces  12-1  and  -7  are  shown.  These  are 
typical;  no  ignition  spikes  were  evident. 

Pulse  Group  13  was  to  be  a  300.0  sec  continuous  duration  burn. 

[t  was  terminated  at  4.75  sec  due  to  high  head  end  temperatures. 

7.4  TEST  DATA  INTERPRETATION 

The  fire  testing  of  Injector  1-CAS  SN  21  on  the  Test  No.  512 
pulse  mode  series  disclosed  normal  operation  on  the  initial  three  Pulse 
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7.4,  Test  Data  Interpretation  (cont.) 


Groups.  Pulse  Group  4  displayed  ignition  spikes  with  a  significant  overshoot 
on  the  final  pulse  (4-200).  Pulse  Group  5  showed  similar  characteristics  of 
the  start  of  the  series,  with  the  unit  becoming  more  smooth  at  the  pulse 
group  series  completion.  Pulse  Group  6  displayed  bi-level  thrust  operation 
on  the  early  tests.  All  subsequent  tests  were  smooth  and  essentially  devoid 
of  ignition  spikes. 

The  latter  pulse  groups  incurred  higher  than  expected  head  end 
temperatures,  higher  than  nominal  thrusts,  and  a  tendency  toward  higher  MR 
operation.  Posttest  waterflow  showed  the  injector's  oxidizer  AP  to  be 
reduced.  Subsequent  disassembly  and  visual  examination  showed  the  oxidizer 
orifice  to  be  oversize  and  partially  erroded. 

The  fire  test  data  appears  to  indicate  a  progressive  deteriora¬ 
tion  of  the  injector  over  Pulse  Groups  4  and  5.  It  is  unclear  whether  the 
ignition  spike  occurrences  on  these  tests  were  the  cause  of,  or  the  effect 
of,  the  deterioration.  The  attenuation  of  the  Pc  pressure  measurement  pre¬ 
vents  the  identification  of  "pops."  The  Kulite  and  Kistler  pressure  trans¬ 
ducers  located  in  the  feed  lines  at  the  valve  inlet  show  no  evidence  of  mani¬ 
fold  pops.  It  is  possible  that  the  ignition  spikes  in  the  thrust  chamber 
forced  minute  amounts  of  fuel  into  the  oxidizer  manifold  and  that  subsequent 
and  repeated  oxidizer  manifold  detonations  caused  enlargement  of  the  oxidizer 
orifice.  This  appears  to  have  been  a  self-correcti ng  condition  as  the 
orifice  enlargement  either  changed  flow  characteristics  precluding  subsequent 
ignition  and/or  manifold  "pops"  or  precluded  further  damage  to  the  orifice. 
The  reduced  oxidizer  aP,  however,  resulted  in  a  MR  shift  and/or  flow  change 
which  disturbed  the  combustion  at  the  upstream  end  of  the  chamber,  causing  an 
increased  wall  temperature. 

The  occurrence  of  ignition  spikes  appears  to  relate  to  the 
engine  duty  cycle.  The  Pulse  Group  1  and  2  tests  which  had  short  on-times  and 
long  coasts  provide  sufficient  opportunity  for  the  manifolds  to  evacuate 
prior  to  the  subsequent  firing.  The  latter  pulse  groups  with  their  reduced 
coast  times  and  longer  on-times  operated  with  a  hotter  wall  which  reduces  the 
ignition  spike  magnitude  but,  at  the  same  time,  will  allow  less  time  for  the 
evacuation  of  the  manifolds. 

7.5  CONCLUSIONS 

The  physical  changes  in  the  engine  hydraulics  resulting  from 
this  test  series  result  in  an  inability  to  perform  continuous  burns  greater 
than  5  sec  or  to  pulse  at  a  rapid  rate  for  extended  periods.  The  ability  to 
pulse  at  a  low  duty  cycle  without  further  engine  degradation  appears  possible 


but  has  not  been  demonstrated.  The  conditions  which  led  to  the  hard  starts 
and  the  exact  cause  of  the  orifice  enlargement  require  additional  testing  of 
Pulse  Group  4,  5  and  6  with  continuous  data  recording  on  all  pulses. 


SECTION  8.0 


PROGRAM  CONCLUSIONS  AND  RECOMMENDATIONS 
8.0  PROGRAM  CONCLUSIONS  AND  RECOMMENDATIONS 


The  development  of  the  technology  for  a  bi propellant  thruster  in  the 
0.5  lbF  class  has  proven  to  be  a  challenging  task  in  terms  of  design,  fabri- 
cability,  engine  performance,  and  test  measurement  techniques  for  an  engine 
with  components  of  this  minute  size  and  low  magnitude  operational  parameters. 

8.1  CONCLUSIONS 

While  a  100%  achievement  of  all  contract  goals  has  proven  to  be 
elusive  significant  advancements  in  small  engine  technology  have  been  made 
that  prove  the  feasibility  of  developing  a  0.5  lbF  class  bipropellant  engine. 
Encouraging  results  in  all  facets  of  design,  fabrication  and  testing  outweigh 
the  problems  that  were  encountered  in  the  course  of  this  program. 

Steady-state  durability  of  8  hours  of  firing  without  failure  has 
been  demonstrated,  along  with  a  small  impulse  bit  of  <0.005  +  .0005  lbF  sec. 

It  is  reasonable  to  predict  that  the  same  engine  that  ran  8 
hours  steady-state  will  be  able  to  accomplish  the  10-hour  life  goal  based  on 
its  excellent  postfire  condition. 

The  pulsing  duty  cycle  limitations  encountered  early  in  the 
106  pulse  durability  test  of  the  Phase  III  engine  may,  in  fact,  have  been 
artificially  created  by  the  selection  of  a  duty  cycle  that  is  much  more 
rigorous  than  would  be  required  in  actual  use.  The  rapid  pulsing  rate  was 
selected  to  compress  the  10-year  life  into  a  one-week  time  span. 

Further  testing  is  required  to  define  the  cause  of  hard  engine 
starts  which  lead  to  gradual  enlargement  of  the  oxidizer  orifice.  Based  on 
previous  experience,  there  is  reason  to  believe  that  simple  structural  rein¬ 
forcement  of  the  oxidizer  orifice  platelet  would  provide  sufficient  margin  to 
preclude  damage  resulting  from  hard  starts.  In  addition,  a  modified  duty 
cycle  with  longer  coast  periods  would  result  in  a  more  complete  evaluation  of 
the  injector,  thereby  minimizing  hard  starts. 
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8.1,  Conclusions  (cont.) 


An  engine  performance  (Isp)  of  275  and  265  sec  has  been  demon¬ 
strated  in  Phase  II  and  III,  respectively,  of  the  program.  These  are  lower 
than  the  program  goal  of  280  sec.  Since  the  maximum  chamber  temperatures 
were  500°F  less  than  allowable,  further  development  could  improve  secondary 
mixing  within  the  combustion  chamber  and  raise  performance.  Improved  secon¬ 
dary  mixing  might  also  attenuate  the  hard  pulsing  starts  which  could  be 
caused  by  an  accumulation  of  uncombusted  propellant  on  the  cold  chamber  wall. 


Valve  response,  repeatability,  life,  engine  minimum  impulse  bit 
requirements,  and  pulse  repeatability  were  demonstrated  on  all  configurations 
hot-fire  tested. 

All  aspects  of  engine  fabrication,  i.e.,  platelets,  valves, 
chambers,  and  metallurgical  columbium-stainless  steel  assembly  techniques, 
have  been  proven.  Reproducibility  of  injectors  and  valves  has  been  satis¬ 
factorily  demonstrated  to  a  degree  commensurate  with  potential  production 
requirements  for  these  engines.  The  integration  of  the  valve  and  injector, 
with  the  resultant  low  dribble  volume  required  for  the  minimum  plume  contami¬ 
nation,  has  also  been  demonstrated.  The  selected  valve  and  injector  internal 
filtration  system  has  been  100%  successful  in  preventing  clogging,  flow 
decay,  or  other  phenomena  which  could  cause  thrust  reductions  or  mixture 
ratio  shifts. 


The  unanticipated  difficulties  in  testing,  i.e.,  measurements  of 
thrust  and  flowrates  at  the  low  flow  and  force  ranges,  have  been  overcome. 
Overall,  Phase  III  testing  has  been  efficient  and  has  produced  highly 
accurate,  repeatable  data. 

8.2  RECOMMENDATIONS 

The  remaining  elements  for  proper  completion  of  the  technol¬ 
ogy  phase  of  the  development  of  a  0.5  lbF  class  bi propellant  engine  are  pre¬ 
sented  herein  for  consideration  for  future  resource  commitment. 

1)  Steady-state  life  testing  on  engine  SN  22  should  continue 
to  provide  chamber  coating  life  data  to  at  least  20  hours. 

2)  An  in-depth  evaluation  of  pulse  train/duty  cycle 
requirements  must  be  undertaken  to  define  minimum  coasts  between  pulses 
accurately.  A  hot-fire  test  evaluation  of  the  Phase  III  design,  pertinent  to 
the  pulse  train  definition,  should  be  systematically  undertaken  to  determine 
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8.2,  Recommendations  (cont.) 


its  suitability  for  these  requirements.  If  the  required  duty  cycle  cannot  be 
achieved  by  this  unit,  further  injector  design  upgrading  would  be  required. 

Combustion  chamber  configurations  to  create  better  propellant 
mixing  should  be  evaluated,  more  so  for  reduction  of  plume  contamination  by 
unburnt  propellants  than  for  Isp  increase.  This,  however,  will  be  a  by¬ 
product  of  combustion  efficiency  improvement.  An  analytical  and  experi¬ 
mental  verification  of  theoretical  nozzle  losses  should  be  undertaken  to 
define  performance  potential  more  accurately.  Testing  of  chambers  with 
different  area  ratios  (larger  and  smaller)  and  nozzle  surface  roughness  due 
to  the  silicide  coating  would  be  useful.  These  data  would  advance  the 
state-of-the-art  in  performance  analysis  of  small  bipropellant  thrusters. 

Execution  of  these  recommendations  would  complete  the  technology 
required  and  ready  the  resulting  engine  for  an  advanced  development  phase. 
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APPENDIX  A 

INDUSTRY  REQUIREMENTS  SURVEY 


Low  Thrust  BiprooeMant  Engine 


Low  Thrust  Bipropellant  Engine 

l/2-FOUND THRUSTER  CAPABILITY  SURVEY  -  SPACECRAFT  SYSTEM  CONSIDERATIONS 


Qo  you  expect  your  satellite  propulsion  to  operate  In  a  blowdown  Blowdown:  14 

or  regulated  «ode  '#*  tne  next  several  years?  Regulated:  1  ®°th  -L  BlOWdOWfl  Modfi  Most  US6d 


Low  Thrust  Bipropellant  Engine 

1/2-POUND  THRUST  CAPABILITY  SURVEY  -  THRUSTER  REQUIREMENTS 


Low  Thrust  Bipropellant  Engine 
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FLEXURE  SLEEVE  STRESS  ANALYSIS 

The  stress  level  at  any  point  In  the  flexure  sleeve  is  the  combination  of 
three  separately  induced  stresses: 

o  -  Bending  stress  due  to  armature  rotation 

a 

o.  "  Bending  stress  due  to  flapper  wind  up 
b 

0^  ■  Axial  stress  due  to  internal  pressure 

The  maximum  stress  level  is  assumed  to  be  a  linear  combination  of  the  maxi 
mum  values  of  eacli  of  the  above  stresses. 


o 

max 


(o_  +  O,  +  0  ) 

a  b  p  max 


Force  Analysis 


Forces  are  exerted  on  the  flexure  sleeve  by  the  armature,  the  flapper 
and  the  system  pressure. 


a.  Armature  Forces 

The  armature  produces  a  moment  M  ,  on  the  flexure  sleeve  whirli 
is  constant  along  the  length  of  the  flexure  sleeve.  M  is  cal¬ 
culated  by  determining  the  angular  rotation  of  the  armature.  The 
armature  rotation  must  be  sufficient  to  produce  the  required  hy¬ 
draulic  stroke  X  plus  the  required  seat  preload.  The  magnitude 
of  the  armature  rotation  is  governed  by  the  geometry  of  the 
torque  motor  (see  Figure  1  ).  It  is  assumed  that  the  armature 
possesses  infinite  stiffness. 


Flapper  Forces 


Forces  due  to  the  flapper  occur  only  when  flapper  "wind  up"  is 
produced  by  contact  with  the  seat  (or  stop  pins).  When  this 
occurs,  the  flapper  is  considered  to  be  loaded  as  follows: 


B-l 
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This  results  In  the  following  reaction  forces  on  the  flexure 
sleeve. 


Force  F  due  to  flapper  "wind  up"  is  calculated  by  assuming 
that  tiie  flapper  and  flexure  sleeve  can  be  modeled  as  two 
springs  in  series. 


Where  -  stiffness  of  flapper 

K  •  stiffness  of  flexure  sleeve 
8 

fl  •  flapper  "wind  up"  on  seat  or  stop  pin 
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The  total  stiffness  of  the  flapper  aiul  flexure  sleeve  is: 


Therefore, 


V 


The  moment,  M^,,  can  be  lumped  with  the 
give  the  not  moment  which  rotates  the 
made  with  the  armature  stops.  i.e.  M 


a rm. 1 1  ii  i 


armature 
"  Ma  ~  \ 


until 


.  V.  .  to 
.1 

con tael  is 


c.  Pressure  Forces 


For  tlu*  purpose  of  this  analysis,  only  the  axial  force  due  to 
pressure  is  considered.  The  flexure  sleeve  is  modeled  as  a  tube 
closed  at  one  end. 


m 
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Therefore , 


PA 


Where 

A  ”  Area  of  end  of  tube 


Maximum  Rotation  of  the  Armature 


The  armature  is  designed  to  rotate  symmetrically  about  its  zero  stress 
position.  The  maximum  displacement  ol  the  button  from  the  zero  stress 
position  is: 


Xt  -  SS  +  6 

determined  from  seat  and  toruue  motor  geometry  6 

J  max 

B-4 


0,00-1 
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Where 


S  •  Hydraulic  Stroke 
4  ■  Flapper  "wind  up" 


X  - 1/2 •  (.00b)  +  .003 


Therefore 

©a  e  '“TTfr  =  u*uoC2  Had  Ians 

The  stress  produced  by  this  displacement  is  calculated  using  the  following 
equations. 


a  El 


a  1 


Where 

M  ■  Armature  moment  producing  displacement 
c  ■  Stress  radius 

I  ■  Moment  of  inertia  of  flexure  sleeve 

1  ■  Flexure  sleeve  length 

Combining  the  above  equations  gives 
EcO 


a  l 


»  (29.5  x  10  )  (.Q‘>!37)  (.0082) 
.360 

37, 'jU  psi 


Bending  Stress  Due  to  F 


K,  K 

v  m  ■  - — — 

t  K  +  K 
f  8 


■202  lbs/in 

FR“Kta 

-.7H‘>  lbs. 


K^.  ■  296  lbs/in 

K«  **  2135  lbs/ln 
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Tlic  maximum  sticss  will  occur  whore  tin.*  bonding  moment  is  a  maximum, 
i.e.  at  the  body  end  of  the  flexure  sleeve, 

F  1  C 
K  F 

0  -  - r - 

max  1 

(  .  YL/j  )  ( .  juO)  (  .  0V.>7  ) 

- ■  »  1-1  'I  I  rt— "  — —■ 

X  10'6 

•  tip  \ 

Axial  Stress  Due  to  Internal  Pressure 

The  axial  stress  duo  to  system  pressure  is  calculated  as  follows. 

P  n/4  I)J 2 

Q  rn  —  '  y  n 

P  4  u/4 (U  -  D,  ) 

o  1 


Where 


P  ■  jOO  psl  (25  atms) 

D  -  .  ill'l 

o 

da  -  .  ioyo 


St  r o.*;s  Concent  rat  ion 

Since  the  flexure  sleeve  does  have  stepped  diameters,  stress  concen¬ 
tration  should  he  considered.  Stress  concent  rat  ion  factors  have  been 
derived  for  the  flexure  sleeve  for  tension  and  lor  bending  using  data 
obtained  from  Rclorence  1. 
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Corrected  Stresses 


Ik 

c 

Stress  (psi) 

Corrected  Stress  (psi) 

Heading 

(H  ) 
a 

1.5 4 

37,514 

57,77? 

Bending 

(fr> 

1.54 

13,55? 

..  ■  ,  Sic 

Tension 

(P) 

1.54 

3,574 

5,555 

Total  Corrected  Stress  85,208  uul 


lUscusslou  ot  Stress  Analysis  Results 

Figure  2  shows  that  the  preferred  flexure  sleeve  material 

17-7  ( HH  550)  will  perform  satisfactorily  for  the  required  cyclic 

life  of  jo6  cycles. 
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APPENDIX  C 


INJECTOR  DIMENSIONAL  AND  FLOW  DATA 


■f 


A. 


DESIGN 


The  hydraulic  design  of  injector  PN  1188746  was  based  upon  super 
scale  (10X)  cold  flow  data  discussed  in  Section  4.  The  expected  1:1 
scale  Kw's  for  the  fuel  and  ox  circuit  and  the  resulting  measured  values  are 
as  follows: 

ACTUAL 


EXPECTED 

h2o  FLOW 

'  PROPELLANT  FLOW 

Fuel 

4.77  x  10’5 

3.1  to  3.6  x  10'5 

3.2  x  10'5 

Ox 

6.41  x  10‘5 

4.9  to  6.9  x  10‘5 

6.5  x  10"5 

B.  DETAILED  PRESSURE  DROP  INVESTIGATION 

The  following  diagnostic  testing  was  conducted  to  establish  the 
causes  of  the  high  pressure  drop  in  the  fuel  circuit. 

1)  Did  critical  passage  sizes  change  during  bonding?  The  minimum 
fuel  passage  size  by  design  is  .0037  wide  by  .002  high.  A  lOOx  section 
through  injector  SN  7  (see  Figure  1)  shows  the  actual  passage  size  to  be 
equal  to  or  larger  than  the  required  size. 


HEIGHT  I  WIDTH 


Required 

.002 

.0037 

Actual 

.002 

.0045 

2)  Is  misalignment  In  the  manifold  plates  1  through  12  due  to 
either  design  or  fabrication  a  problem?  Non  alignment  of  approximately  .001 
to  .0015  In.  can  be  observed  from  Figure  2.  In  order  to  isolate  the  down  flow 
manifold  from  the  cross  flow  section  the  fuel  manifold  of  injector  SN  7  was 
cut  open  such  that  the  flow  from  the  .007  mil  hole  in  the  dash  12  plate 
discharges  to  atmosphere  rather  than  enter  the  .004  x  .008  in.  cross  feed 
manifold. 


The  resulting  Kw's  for  this  condition  are  as  follows: 
Experimental  Kw 


Fuel  aP  Psi 

Kwf  10" 5 

10 

9.16 

20 

8.21 

40 

8.90 

80 

9.42 

Experimental  Kw 

At  Rated  Flow 

9.2  10'5 

The  above  results  compare  favorably  with  the  following  predicted  aP's  at  the 
rated  fuel  flow  of  6.75  l(f4  Ib/sec. 


Inlet 

5.3 

psi 

8  Filter  Plates 

24.5 

psi 

2  Dash  16  Transition 

28.7 

psi 

Axial  Friction 

9.8 

psi 

aP 

68 

Predicted  Kw 

8.75 

10'5 

The  experimental  fuel  Kw  was  very  close  to  the  predicted  values  for  these 
plates.  The  full  flow  pressure  drop  for  these  manifold  plates  is  62  psi  vs 
a  predicted  value  of  68.3.  Note,  however,  most  plates  were  over  etched. 


C-4 


3)  The  possibility  of  misalignment  or  other  losses  in  the 
manifold  and/or  swirler  legs,  plates  dash  nos.  10,  11  and  13  was  evaluated. 

Loose  stacks  of  plates  were  assembled  on  the  valve  simulator 
block  in  the  following  sequence  to  identify  the  location  of  the  high  pressure 
loss. 


a)  baseline  configuration 

b)  one  extra  dash  10  plate 

c)  one  extra  each  dash  13,  11  and  10 

d)  repeat  of  b  (removed  extra  dash  13  and  11) 

e)  modified  plates  (build  10A  Table  I) 

TABLE  I.  HISTORY  OF  1/2  LB  -  1  CAS  INJECTOR  BUILD 


Dash 

Original 
Print  Req'd 

SN  9 

Hot  Test 

SN  10  Loose 
Stack 

0ne-10/Two-10 

SN  10A  Modified  Parts 

Bonded 

15 

.042 

.0395 

.042 

N/C 

14 

.032 

.033 

.0323 

N/C 

14 

.032 

.0325 

.0322 

N/C 

14 

.032 

.0325 

.0321 

N/C 

13 

.020 

.0210 

.0196 

.0193 

N/C 

12 

.013 

.0140 

.0125 

Fuel  DC  INC.  to  .0080  -  .0084 
Center  =  .0134 

11 

.013/. 006 

.01 33/. 0063 

.01 24/. 005 

"C"  ring  .0055  x  .0032, 

DC  =  .0091 

Center  INC.  to  .0133 

10 

.0037 

.0041 

.0032/. 0036 

. 0043/. 0042,  1  -  . 

.0046/. 0042 }  2  Tw0  used 

.0037 

.0045 

.0035/. 0034 

8 

.008 

.0072 

.0083 

N/C 
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TABLE  I.  HISTORY  OF  1/2  LB  - 

Original  SN  9 

Dash  Print  Req'd  Hot  Test 

7  .005 

6  .010 

6  .010 

r.  .004 

5  .004 

5  .004 

4 

16 

3  .007 

O 
L 

1 


1  CAS  INJECTOR  BUILD  (CONT.) 


SN  10  Loose 
Stack 

One- 10/Two- 10 

SN  10A  Modified  Parts 
Bonded 

.0050 

INC.  to  .0057,  fuel  DC 
.0095 

.0103 

N/C 

.0101 

N/C 

.0038^ 

\ 

N/C 

.0038  . 

1 

.0043  ( 
.0044 

►  Avg. 
.0042 

N/C 

.  0043 

N/C 

.0047^ 

.0113 

N/C 

.0093 

One  extra  plate  used  (3) 

.0064  Min} 

.0078  Max 

.0082  Min,  N/r 

.0090  Max 

.0091  deep  Seat  flat  .010 


.0055 

.0105 

.0100 

. 00440' 
.00415 

. 00350  ' 
.00470 

.0045 

.0042 

.0114 

.0095 
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TABLE  II.  I -CAS  INJECTOR  Kw 


Configuration 

AP 

Fuel  Kw  10' 5 

Ox  Kw  10'5 

Baseline  SN  10  Table  I 

150 

2.76  2.80 

4.97  5.09 

One  Extra  -  10  Plate 

100 

4.33 

One  Extra  Each  -10,  11  &  13 

4.85 

150 

4.85 

250 

5.06 

5.11 

One  Extra  -  10  Reflow 

4.19 

4.27 

50 

3.95 

One  Extra  -  10  }  Mod1fied  t0  10A 

50 

4.33 

6.23 

One  Extra  -  16 

100 

4.65 

6.24 

And 

150 

4.80 

6.10 

Ox  Orifice  Increased  To  .0057 

200 

4.85 

6.06 

250 

4.95 

- 

The  results  of  these  tests  are  documented  in  Table  II. 

The  data  of  Table  II  clearly  shows  that; 

a)  one  dash  10  plate  increases  the  aP  by  a  factor  of  2.3 
over  two  -10  plates.  This  was  not  predicted  by  analysis.  QaP  %  (Kw)?] 
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b)  The  addition  of  one  each  additional  dash  11  and  13  plates 
only  reduces  the  aP  by  25%  over  the  addition  of  the  extra  -10. 

c)  The  10A  configuration  provides  the  proper  AP  in  the  fuel 
and  ox  circuits  for  equal  tank  pressure  of  360  psi  at  1/2  lb  thrust. 

4)  Etching  Considerations 

Table  I  and  III  provide  a  record  of  the  critical  dimensions 
of  all  units  built  and  flowed  to  date. 

Table  III  shows  that  nearly  all  features  of  the  first  lot 
of  9  injectors  were  over  etched  as  compared  to  the  nominal  print  dimensions. 
Thus  the  higher  aP  values  cannot  be  associated  with  under  etched  parts. 

The  large  chevrons  of  Figure  II  (Injector  SN  7)  are  not 
consistent  with  an  over  etched  condition.  Over  etching  usually  produces  a 
straight  wall.  This  suggests  our  etch  factors  are  incorrect  or  a  problem 
existed  with  the  etchant  properties  for  the  lot  of  parts.  The  latter  is  the 
most  likely  cause. 

The  desired  stacking  pin  holes  are  0.1200  +  .0004/-  .0000. 

A  number  of  the  holes  are  noted  to  be  .001  over  size.  The  dash  14  plates  in 
particular  were  too  big  to  allow  reaming,  indicating  an  improper  etch  factor. 

A  good  number  of  stacking  holes  come  close  to  the  +  .0004/-  0.0000  goal. 

5)  Data  Correlation  and  Additional  Data 


Table  IV  provides  a  record  of  the  design  analysis  and  the 
resulting  cold  flow  data.  A  systematic  re-analysis  of  the  design  using  the 
test  results  as  a  guide  would  be  useful  in  future  design  chanqes. 

C.  CORRECTION  OF  HIGH  FUEL  CIRCUIT  AP 


The  solution  to  the  high  aP  problem  was  obtained  empirically  for 
unit  10A.  The  fabrication  of  injectors  SN  20  and  21  in  Task  III  demonstrated  the 
hydraulic  reproducibility  of  the  design  of  the  1-CAS  injector  within  the  limits 
of  the  following  data: 


OX  Kw  10'5 

Fuel  Kw  10~~* 

10A 

5.7 

4.2 

20 

5.6 

4.6 

22 

5.8 

4.6 

D.  "V"  DOUBLET  INSPECTION  DATA 

Dimensional  data  for  this  injector  is  documented  in  Table  V. 
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TABLE  IV 


OTHER  SUPPORTING  COLD  FLOW  DATA 


A-l 


aP  fuel  vs  number  of  filter  plates 

#  Plates  aP  at  full  fuel  flow 


4 


33.5 


6  29.7 

*  8  24.5 


A- 2 


aP  vs  number  of  -  16  transfer  plates 


0 


159.6 


*2  28.7 

4  15.1 


*  Number  selected  for  Injector  SN  1  -  9 
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TABLE  V 


3- VOS  INSPECTION  DATA  OF  CRITICAL  D1NENIONS 


nf 

m 

ril 


Holes 

1  3. 0/3.0 

2  3. 0/3.0 

3  3. 0/3.0 


V  3. S/3.0 
•11  C  8.5 

V  4. 0/3.5 

-12  C  13.0 

Orifice 

Typ  of  3  3.60 


11.0  11.0  11.5  11.0  11.0  11.0  11.0  11.5 

3. 0/3.0  3. 5/3.0  4. 0/4.0  3. 5/3. 5  3. 5/4.0  3. 0/3.5  3. 0/3.0  3. 5/4.0 

3. 5/3. 5  3. 5/3.0  3.5/3. 5  3.5/4. 0  3. 5/3. 5  3. 0/3. 5  3. 0/3. 5  3. 5/4.0 

3. 5/3.0  3. 0/3. 5  3.5/3. 0  4.0/3. 5  3. 5/3. 5  3. 5/3. 5  3.0/3. 0  4. 0/3. 5 


4. 0/3.5  3. 0/3.0 
8.0  9.0 

3. 5/3. 5  3. 5/4.0 


8.0  8.0  8.0  8.0  8.0  8.0 

3. 5/3. 5  3. 5/3.0  3. 5/3. 5  3.5/3. 5  3.0/3. 0  3.5/3. 5 

8.0  8.0  8.5  8.0  8.0  8.5 

4.0/4. 0  OK  4. 0/4.0  4. 0/4.0  4. 0/4.0  4. 0/4.0 


3.50  3.30 
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PHASE  III  VALVE  ACCEPTANCE  TEST  DATA,  MOOG 
MODEL  51  El  12,  SN  004  and  005 
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ACCEPTANCE  TEST  DATA  PACKAGE 
0.5  lbf  TORQUE  MOTOR  BIPROPELLANT  VALVE 


Moog  Model  51E112 
Moog  Fart  Number  A24461 
Moog  Serial  Number 


D-l 


r 

MODEL  5 1 E 1 1 2 

. J 

I 

S/N 

oo4 . 

' 

[ 

f  Test  Description 

Limits 

f- 

Data  Value  j 

f- 

I  1.0  Examination  of  Product 

r  1.1  Inspection  for  drawing 

1  compliance 

(Mark  OK) 

h 

p/K  -  \ 

I  1.2  S/N  Identification 

Check  ATDP 
docuinenfat  ion 
and  unit  marking 
(Mark  OK) 

f  < 

| 

I  1.3  Weight  (with  injector) 

2$/  &  .  l->,ns  \ 

S 

I  2.0  Dielectric  Strength  at 

I  600  VAC,  60  HZ  for  60 

I  seconds 

<  100»iA 

k 

j 

/.&  _UA  l 

\\ 

I  3.0  Insulation  Resistance  at 

1  500  VDC  for  60  seconds 

>  100  megohms 

t 

%GOG  .  megohms 

1  4.0  Coil  Resistance 

177  +  15  ohms 

/7P  &  ohms 

§  y£  .  °p 

1  5.0  Proof  Pressure  at  800 

I  psi  GN2  for  3  minutes 

No  visible  damage 
(Mark  OK) 

\ 

I  6.0  Pull-fn  Current  at 

I  400  psi  GN2 

.  ma 

1  7.0  Drop-Out  Current  at 

I  400  psi  GN2 

*22  ma 

I  8.0  Valve  Response 

<  .005  Sec 

|  Opening  6  Closing  Response 

Inlot  Pn’ssurc  Vol  t  a<je  9 

I 

I 

3  50-  24  , 

400-  24, 

( lino 

28  ,  32  Pho(  og  i  uphs 

28,  32  r 

i***T 

•  *jf.  O  pl?/-SSi"fS  DRop 

(  Sf  c r  n  a  r>n) 

\ 

0-2 

L . 

_ „ 

Limits 


Test  Description 


Data  Value 


9.0  Flush  and  Purge  and 

Vi.  -uum  Dry  for  1  hour 
at  120°  F 


Isopropyl  Alcohol  and 
GN2 /  1°0  cycles  min. 

(Mark  OK)  . 


10.0  Internal  Leakage 


<2.3  scc/hr  GN2 


Fuel  Ox. 


at  50  psi 
at  400  psi 


(p.O  scc/hr  ^O  scc/h 
0.0  scc/hr  ^.o  scc/h 


1 1.0  External  Leakage  <2.3  scc/hr  GN2 

at  50  psi 
at  400  psi 


0,  O  scc/h r 
0.0  scc/hr 


D-3 


3»>  23/  /?£& 

350 

2<4 


28  o  22>C 


32  &  /£>  C 


O/c// 


2.  3>  /*?s 

3  2^6 

3  O  s*rS 


£/oS/«/<Z 
&6,  c?s 
o  2  /~?s. 
CP  2 


^C?o2jS/  27^0 

22.  &  2^2 
28.  O  2A<2 
32*.  cp  2&  c 


2  8  s*?s . 

3  &s*7S 


3  2  /**s 


I 

CP  2  S*rs 


CP  <2*  s**S 


CP.  2?  s*rs 
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«,>  /VWwv 


•  n  •  i  an  ‘f  i  - 


A'oo/’v  ^ 3 ^  (2?  sfoo  f  7s/ 


24&/bC 


2& 


32.0  o2>C 


■  •  iiuwjiV'  y 
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ACCEPTANCE  TEST  DATA  PACKAGE 
0.5  lbf  TORQUE  MOTOR  BIPROPELLANT  VALVE 


Moog  Model  51E112 
Moog  Part  Number  A24461 
Moog  Serial  Number 


Test  Data  Prepared  by: 

Approved  by 


Date 


/  - '  y  -  SA 


MODEL  51FH2 
•  €?£?.$. 


Test  Description 


Limi  ts 


Data  Value 


1.0  Examination  of  Piocluc  t 

1.1  Inspection  for  drawing 
compliance 

1.2  S/N  Identificat  ioii 


1.3  Weight  (with  inj< 


2.0  Dielectric  Stream!, 
500  VAC,  60  Hr  for 
seconds 


(NVlr-K-.  wK ) 

Cheer  ATPP 
doeu’en  t  a  t  i  on 
md  unit  marking 
(  Ma  i  V  OK  ) 


3.0  Insulation  Resist.-;:. 

500  VDC  for  60  s>-m.  .  r-dr- 


400 


meaohms 


4.0  Coil  Resistance 


ohms 
°  F 


5.0  Proof  Pressure  at.  RO0 
psi  GN2  for  3  minuses 


;i'-i  !']>■•  damage 
i Mark  OK', 


6.0  Pull-In  Current  a* 
400  psi  GN2 


7.0  Drcp-Out  Current  a‘ 
400  psi  GN2 


Valve  Response 

Opening  £■  Closing  Pm-.pr.nse 


.00  5  sf -n 

In  I  re.  1  1  assure 


Vol tage 


3  5  0  • 

24  , 

28, 

32 

4  0  0  ■ 

24, 

28, 

32 

^00 

24, 

28, 

32 

( See 

Photographs 


9.0  Pressure  Drop 


(See  Graph) 


Test  Description 


Limits 


Data  Value 


9.0  Flush  and  Purge  and 

Vacuum  Dry  for  1  hour 
at  120°  F 


Isopropyl  Alcohol  and 
GN2»  100  cycles  min. 
(Mark  OK) 


a* 


10.0  Internal  Leakage 


<2.3  scc/hr  GN2 


Fuel  Ox. 


at  50  psi 
at  400  psi 


&Q  scc/hr  o.Q  scc/hr 
Q_C>  scc/hr QQ  scc/hr 


11.0  External  Leakage 


<2.3  scc/hr  GN2 


at  50  psi 
at  400  psi 


go  _scc/hr 
~0.O  scc/hr 


D-ll 


Tt 9  5sls>^«5^?'  '77^£'  To  ^t«'Cr  &0**£  Aio 

//t/Z.^T'  /4&tr*s&4e+ igr  72ouS  &-r£ 


^37/ zee 

403  o  S£e 

./4f  /*£/£&; 

.  /96  j^c/scc 

36,7  /  sec 

267.  &  sft. 

.223  'ro/^eo 

.  277 S"ty/s£^ 

294  7  s*<- 

223  f  04* 

.  27/  *"/&**■ 

.  349 s*r£/jr£c 

3sZ>  /’S/  //-<? 

<232/4 

Tsosy^C 

24.0  /be 

4  £/”o 

0.7 /vs 

28  0  /be. 

37^0. 

07 /vs 

32o4bc. 

3  /  /**s. 

c?  7  sp?s. 

4oe?  3s/  Aio 

24.o  sbo 

4  7 /vs 

3. 7 ^vs 

23.  o^o. 

4o/*r5 

o7/vs. 

32  <3  400. 

3.  4/vs 

0-7 /vs 

o7o&  Ps/  2Co 

24  0  4&C 

G?  2  /vs 

0  7/vs 

2SO40C 

4  8/**s 

o  7 /vs 

32  O  4bC 

3? /vs 

o>.  2 /vs 

0-14 


<g>33~0  P*s  22o 


Z4o\/bc. 


23  0  2ZC. 


32  o/Sc 


<£><400  24/  /tCo 


24  Ot/£>(L 


23  o  rt>o 


22.  0rt><L 


DC  VOLTS  004 


PRESSURE,  PSIA 

Respoi.se  versus  Voltage  and  Feed  System  Pressure 


APPENDIX  E 


PHASE  III  STEADY-STATE  DURABILITY  TEST  DATA 


NOTES: 

1.  Thermocouple  locations  of  the  data  presented  in  this 
appendix  were  noted  in  Figure  6-15. 

_3 

2.  Flowrates  quoted  are  in  10  lb  of  water  per  sec. 

The  paddle  wheel  flow  meters  have  accuracy  limitations 
that  limit  their  usefulness  to  reflect  changes  in  flow 
rate,  not  absolute  value. 

3.  The  value  of  "F  STAT"  (thrust)  shown  is  raw  data 
without  stand  bias  or  exit  pressure  correction.  The 
stand  bias  is  approximately  1.26  at  the  start  of  the 
test.  Changes  in  thrust  are  due  to  a  combination  of 
vacuum  cell  press  change,  thrust  load  cell  heating, 
and  tank  pressure  drifts  during  the  tests.  The  first 
thrust  record  of  the  test  is  not  valid  due  to  the  slow 
response  of  the  hydraulically  damped  stand  mass. 


AEROJET  L1QUIO  ROCKET  COMPANY.  SACRAMENT U . 


AEROJET  LIQUID  ROfKE  T  COMPANY.  SACRRHEMO.  C«l!FORM 


AEROJET  LI QUIO  ROCKET  COMPANY .  SACRARENTO.  CAUFORNJA 


TEST  510.  ENGINE  21  DURABILITY  TESTS,  BURN  1  =  2295  sec..  9  min.  COAST,  BURN  2  ■  4954  sec. 
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APPENDIX  F 

PHASE  III  PULSE  DATA,  TESTS  698-512-1  THROUGH  -11, 
IMPULSE  BIT  AND  REPEATABILITY 
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NOTE:  Pages  F-l  through  F-6 

TCOOL-RET  =  Test  fixture  coolant  temperature 


PULSE  GROUP  2,  0.030  SEC  EPW,  60  SEC  COAST 
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